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THE SENSITIVE SURFACE OF THE GEIGER TUBE 
ELECTRON COUNTER 


By L. F. Curtiss 


ABSTRACT 


Experiments with the new Geiger tube electron counter show that no prepara- 
tion of the central wire electrode is necessary in contradiction to results reported 
by Geiger. Such wires as bare copper, bare steel, lacquered steel, oxidized 
tungsten, and oxidized nichrome work satisfactorily. All these wires cease to 
work when such gases as H.S, SOs, ethylene, or water vapor are admitted. This 
shows that at the pressure at which these counters work sufficient oxygen is 
adsorbed to permit the counter to operate. When another gas with different 
adsorptive properties is admitted, the counter can no longer function. 
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J 
I. INTRODUCTION 


The recent development of the tube electron counter by Geiger ' 
raises further interesting problems regarding the mode of action of 
counters. While, in general, this new form of counter seems to work 
much in the same way as the more familiar point-type counter, there 
are some differences which require special investigation. Further- 
more, there is a slight disagreement regarding the importance of a 
specially activated surface in the tube counter which requires some 
attention before any conclusions can be reached on the subject. 
Although Geiger ' reports that the same general method of preparing 
surfaces for active points also works for the wire electrode of the new 
counter, Kniepkamp? rather emphatically contradicts this point of 
view, stating that a bare untreated wire works as well as a specially 
prepared one. 

In order to obtain further information on these points and to inves- 
tigate the nature of these activated surfaces, the experimental work 
described in this paper was undertaken. 

A brief description of the tube counter may help to make clear the 
nature of the problem. In its simplest form the counter is a metal 
tube with a fine wire stretched along its axis and insulated from it. 
To operate the counter the metal tube must be connected to the neg- 
ative terminal of a battery of one to three thousand volts and the 
pressure of the gas in the chamber must be reduced to a few centi- 
meters of mercury. Itis alsoimportant to dry the gas in the chamber. 
Further, at least according to Geiger,! the wire electrode must be 
prepared, either by oxidation or coating with thin lacquer, for example, 

1 Geiger, H., and Miiller, W., Phys. Z. S., 29, p. 839; 1928: 30, p. 489; 1929. 
?Kniepkamp, H., Phys. Z. S., 30, p. 237; 1929. 
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before the counter will respond to the excitation by individual beta 
or alpha rays. When properly prepared the counter is enormously 
more sensitive than the point type of counter for beta and gamma 
rays. This greater sensitivity is secured from the greatly increased 
active volume of the gas, since any betaray or photoelectron traversing 
any part of the gas in the tube will be counted. 

The questions which the present work attempts to answer are (1) 
is a specially prepared surface necessary for the wire electrode and, if 
so, (2) what is the nature of this surface? 
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Figure 1.—Modified form of Geiger tube counter to permit 
study of effect of different gases 


II. EXPERIMENTAL PROCEDURE 


To facilitate the study of the effect of the presence or absence of 
coating on the wire, a form of the tube counter shown in Figure 1 was 
made. Since it was necessary to work at pressures below mat 
pheric, the whole counter was inclosed in the large glass tube A. 
This glass tube was fitted with a metal ground stopper B, Ba. te a 
vacuum-tight seal, and supporting the tube counter 7’ by a thre aded 
connection as shown. At each end of the tube 7’ was a loosely fitted 
hard rubber bushing, /, and £, which supported the central wire 
electrode W. Connection from the outside to this central wire was 
secured by a tungsten wire, sealed through the lower end of the 
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glass tube A, carrying a spiral spring, S. The sharpened upper 
end of this spring penetrated into a lump of solder in the cup fitted to 
the lower end of the rod supporting the lower end of the wire W. This 
permitted the whole apparatus to be withdrawn at any time by 
removing the metal stopper B and yet insured perfect contact from 
the outside with the wire W as soon as the apparatus was replaced 
in the glass tube. The negative terminal of the high voltage 1s con- 
nected with the metal stopper B. To eliminate water vapor, a glass 
vessel, D, of special shape was placed at the bottom of the glass tube 
A and filled with P,O,;. Side tubes were sealed on the tube A as 
shown with stopcocks at V; and V. to regulate the pressure and 
control the admission of gases. The tube going to the pump is 
provided with a closed mercury manometer, M, and a trap, U, 
filled with gold leaf to prevent mercury vapor entering the apparatus, 
since one of the prob ems to be investigated was the effect of so- 
called catalytic ‘‘poisons”’ on the central electrode. The operation 
of the counter is very sensitive to pressure so that some means was 
needed to introduce these gases without altering the total pressure of 
the gas. This was accomplished by means of the tube LZ on the 
left-hand side of the figure and the 2-way stopcock V;. The tube L 
had an internal tip of fine bore so that with pump running and all 
stopcocks open a constant pressure of gas of a suitable amount was 
maintained in the glass tube A. One side of the 2-way stopcock V3 
was connected to a drying bulb containing dry air at atmospheric 
pressure. By turning the stopcock over, connection could be made 
to a vessel containing some other gas at atmospheric pressure. Thus 
the gas, the effect of which was to be studied, could be admitted with- 
out altering the pressure in the apparatus, since these gases were 
used considerably diluted with air. 

For observing the operation of the counter, a vacuum tube ampli- 
fier, described elsewhere,* was used. A milliammeter, included in 
the output circuit, gave “kicks” of 10 to 15 scale divisions for each 
electron counted when the counter was working properly. 

The first point investigated was whether a specially prepared 
surface is needed for proper operation. Preliminary trials seemed 
to indicate that some treatment of the wire, such as that recommended 
by Geiger, wasrequired. This was later found not to be the case when 
bare copper, even after being freshly polished, gave satisfactory 
results. In fact, every kind of wire tried, including nichrome, 
tungsten, and lacquered steel, seemed to w ork, although some were 
a little less sensitive than others. ‘These results are in agreement 
with the observations of Kniepkamp.* 

It was considered of interest to investigate whether there might 
be some evidence that adsorbed gas has something to do with the 
operation of the counter, even though a specially prepared adsorbing 
surface is not required. Adsorption occurs, of course, on all metal 
surfaces and it might be that at the reduced pressure, the ordinary 
adsorption, plays some rdle in the processes occurring in the chamber 
during counting. 

The simplest way to test this idea is to try the effect of catalytic 
“poisons” just as has been done by the writer® for some of th 1e 


3 Curtiss, L. F., Phys. Rev., 31, p. 1060; 1928. 
‘Kniepkamp, H., Phys. Z. S., 30, p. 237; 1929. 
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substances which are successful as coatings for points. In attempt- 
ing to apply this test an interesting fact concerning the nature of 
the gas layers was observed. It was thought sufficient, j in order to 
try the effect of poisons, to expose the specially heated wires to the 
poison for a time at atmospheric pressure. ‘The pressure of the gas, 
consisting of a mixture of the poisoning gas with air, was then reduced 
to the proper operating pressure. However, when this was done no 
effect of the poison could be observed. This ‘led to a repetition of the 
experiments on the poisoning effect with points and it was found 
that here, too, the reduction of pressure eliminated the effect of the 
poison. Therefore, it appears that even the poisoning gas is held 
only very lightly to the surface of the electrode and may be removed, 
sufficiently at least to restore the activity of the point, merely by 
reducing the pressure for a few minutes. 

When this fact was discovered it was decided to try admitting the 
poisoning gas at the operating pressure while the chamber was count- 
ing and observe whether any effect was produced. This must be 
done without changing the pressure in the tube. For this purpose 
the tube Z and the 2-way stopcock V3 (fig. 1) were added as described 
above. With asteel wire, treated with HNO, as the central electrode, 
H.S and SO, were each tried, and as soon as the gas reached the cham- 
ber counting stopped. Here again the effect was almost identical 
with that which the writer has observed with the point-type counter. 
Oxidized steel wires prepared in a flame behaved in the same way. 
Steel wires coated with platinum black by dipping in chloroplatinic 
acid were also poisoned by H.S, SOz, and ethylene. Finally bare metal 
wires were tried and they also showed similar effects. 

The case of lacquered wires is of special interest for here it might 
be supposed that the sole function of the lacquer is to form a coating 
of high electrical resistance which helps to interrupt the discharge 
started by an electron passing through the gas. If this were true 
then one would not expect any effect from the catalytic poisons. 
If, on the other hand, the lacquer itself were acting as an adsorbing 
surface for a layer of gas which was the real sensitizing surface for 
the wire, then it should respond to the poison gases in the same way 
as the other coatings. E xperiments with H,S, SO,, and ethylene 
have shown that it poisons in quite the same way as wires treated in 
other ways and, therefore, there can be little doubt that it does serve 
to hold a gas layer which is very important to the action of the 
counter. 

Having established quite definitely that the nature of the gas 
adsorbed on the interior parts of the counter controls its bidhaior, 
it becomes important to know what rdéle is played by this adsorbed 
gas in the counting operation. This operation is critically dependent 
on the kind of gas adsorbed. One must expect, therefore, that this 
layer of gas enters in some important way into the production of ions 
which constitute the momentary current in the chamber necessary 
to register the entrance of an electron. In the absence of information 
to the contrary we may assume that the sensitive layer of gas is on 
the wire electrode. The main features of the experimental results to 
be considered are the facts that (1) the counter works best at about 
§ em pressure, (2) better results are obtained with the tube negative, 
(3) the admission of a poison will stop the operation of the counter, 
or at least make necessary a change in the operating voltage. 
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III. DISCUSSION OF RESULTS 


Before entering into a discussion of the bearing of the experiments 
described above on the action of the counter, we shall recall briefly 
the explanation offered by the writer ® as the result of experiments 
with the point-type counter of the function of the gas layer. The 
point-type counter works readily at atmospheric pressure and with 
the chamber walls either positive or negative. When the chamber 
walls were negative it was found that the operation of the counter 
was independent of the kind of gas on the point at atmospheric 
pressure. On the other hand, with the walls positively charged, the 
counter would work only when certain particular gases were used 
with certain kinds of surfaces on the points. The explanation offered 
for these facts was that in the case where the chamber walls are 
negative the necessary ionization for registering a count may be 
produced by a small primary ionization resulting from the entrance 
of an ionizing particle, such as an alpha or beta ray. This primary 
ionization liberates a relatively few electrons near the Frol sim wall 
which, in turn, are drawn toward the point by the strong electric 
field, and during this process at each impact produce additional elec- 
trons so that the ionization current builds up exponentially to a 
relatively large value. Since there is nothing to maintain this type 
of discharge, it ceases as soon as it has moved down to the point. 
This explanation of the operation when walls are negatively charged 
assumed that, at atmospheric pressure and with the electric fields 
employed, the electrons in one or two free flights can acquire energy 
equal to the ionizing potential of the gas and that the number of 
useful impacts—that is, those producing ionization of the gas mole- 
cules—are sufficient to produce the necessary ionization current by 
the time the disturbance has reached the point. These assumptions 
appear quite reasonable, although very little quantitative data exists 
on this topic to verify them. 

Turning to the case of the point counter with positive walls, the 
situation 1s quite different. The primary ionization produces a few 
pairs of ions near the chamber walls, as before. In this case, how- 
ever, the positive ions are drawn toward the point while the electrons 
go to the chamber walls. The electrons move in a weak electric field 
and can not be expected to acquire enough energy from the field to 
produce much additional ionization on their way to the chamber 
walls. The positive ions likewise are unable to produce further ion- 
ization, since their mean free path is much smaller than that for the 
electrons, and they can not therefore at atmospheric pressure in any 
reasonable number of free flights on the average, acquire enough 
energy to ionize a gas molecule. Consequently, they would move 
down to the point and the disturbance would cease without having 
produced enough ionization to register acount. This is undoubted] 
what happens in a counter with an improperly prepared point. If, 
however, we now assume the point to be covered with a gas layer 
held by forces which are small compared with those binding an elec- 
tron to an atom, an explanation is possible. Such a layer of gas 
may be supposed to have a lattice structure similar to that of the 
metal, so that the boundary between gas and metal is not clearly 
defined and electrons diffuse from the metal into the layer of gas. 





Curtiss, L. F. Phys. Rev., 31, p. 1060; 1928. 
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Another possibility is that the gas molecules themselves are in a 
dissociated state, so that electrons are shared by neighboring mole- 
cules. When a positive ion strikes this layer, it can give up the 
energy it has acquired from the electric field in moving toward the 
point. This energy should be quite sufficient to produce a momen- 
tary evaporation of the gas layer at the point of impact and the free 
or shared electrons will find themselves exposed to the intense electric 
field existing at the point repelling them from it. As they are pulled 
out toward the chamber walls they readily acquire energy sufficient 
to ionize by impact, and the positive ions so formed return to the 
point to release additional electrons. This process continues until 
the gas layer at the tip of the point has been momentarily exhausted 
of electrons, when the discharge ceases. The gas surface can quickly 
secure a fresh supply of electrons by diffusion from the metal of 
the point when it is again ready to operate. This explains why it 
is possible to get a series of discrete counts corresponding to the 
entrance of individual particles into the chamber. 

Turning our attention now to the tube-counting chamber, we will 
try to adapt the explanation given above to the method of opera- 
tion which has been found successful. Suecess with this form of 
counter has so far only been achieved with chamber walls negative 
and the pressure reduced. Since the point counter works well at atmos- 
pheric pressure without special treatment of the point, one might 
expect the wire counter to do the same. The fact that it does not 
arises from the fact that the voltages required to operate the wire 
counter at atmospheric pressure are too high so that the range of 
voltages over which the counter might be expected to operate is rela- 
tively very small. This instability is a result of the difference in 
geometrical design of the two types of counters. For the same 
applied voltage a much more intense electric field exists near the 
point than near the wire. Consequently, only at very high voltages 
will the electrons moving toward the wire acquire enough energy 
between effective impacts to ionize the gas molecules. To remedy 
this difficulty of instability, the pressure in the counter is reduced 
so that the electrons may acquire enough energy in their longer free 
flights to ionize on impact with about the same voltage applied to 
the counter as in the case of the point-type counter. When this is 
done, however, there are many fewer effective impacts, for the dis- 
tance the electron has to travel to reach the wire has remained 
unchanged while the number of molecules which might be ionized 
have been reduced greatly. The result is that not enough ionization 
has been produced to register a count, and the counter fails to work. 
However, if we now assume that there is a layer of gas on the wire 
with properties like that assumed when discussing the operation of 
a negatively charged point, a possibility exists to secure the neces- 
sary lonization for registering a count. 

When the electrons released by the entrance of the original ionizing 
particle strike this gas layer they will possess relatively high energy 
and will be able to communicate considerable amounts of this energy 
to electrons in the layer of gas and produce what amounts to an ioniza- 
tion of this layer. The electrons thus released from the layer will be 
attracted into the positively charged metal surface and the positive 
ions formed will be driven out through the gas by the electric field. 
At the reduced pressure these positive ions may be assumed to acquire 
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sufficient energy to ionize by impact, and the number of effective 
impacts may be expected to be comparable with those of the electrons 
in the same field and at the same pressure. This release of positive 
ions from the wire will continue to supply additional ionization until 
the gas layer at that point on the wire is exhausted momentarily, 
when it will cease. Since we have on the wire an adsorbing surface 
adapted to adsorbing the particular gas molecules in the chamber in 
the correct way to proper operation, this layer will almost immediately 
restore itself. By thus using the gas layer as a source of positive 
ions it is possible to see how the ionization by impact is built up at 
reduced pressure to a sufficient amount to enable a count to be regis- 
tered. It must be admitted, however, that this explanation puts a 
heavy demand on the ionizing properties of positive ions, and it is 
difficult to justify such a demand in view of the limited information 
now available on this subject. 

The effect of the poisons in all these cases is to cause the counter to 
cease operation. All discharges cease in spite of the fact that the 
yrimary ionization is still produced at the entrance of each alpha or 
eta particle. This seems to mean that the poisoning gas is adsorbed 
on the surface in such a way that the adsorbed gas molecules can not 
be evaporated or ionized in a way to release the electrons or positive 
ions required to produce the ionization sufficient to ‘‘count”’ the par- 
ticle. 

This effect of certain gases gives a very decisive answer to the ques- 
tion of the importance of the gas layer. Whether it functions in the 
way outlined above or not, a proper kind of layer which is different 
for different surfaces on the wire or point electrode is quite essential 
to the successful operation of the counter. 

The writer has found that a large part of the trouble which is given 
by point-type counters arises from the poisoning effects of gases and 
vapors. Before the study of the effect of gases was made no effort 
was made to seal or otherwise protect the interior of the counter from 
vapors in the room when working at atmospheric pressure. After it 
was discovered that water vapor, mercury vapor, H.S, SO:, and other 
similar substances which might exist in the air of the room in small 
amounts, were very harmful to the action of the point, a counter 
was prepared having a small drying bulb sealed to it with a thin mica 
window waxed over the opening. All points were made gas tight 
with wax. The point in this counter worked for six months without 
attention and at a practically constant voltage. For permanent 
points and wires it seems quite necessary to exclude water vapor in 
particular. This is a poison to which practically all surfaces are 
sensitive and is everywhere abundant unless precautions are taken to 
eliminate it. In the present state of our knowledge of the processes 
of ionization, it is not possible to give a quantitative proof of the expla- 
nation which has been offered, although it does appear reasonable and 
includes the more important experimental facts. For example, 
very little is known about the number of ions per centimeter path 
one might expect to be found by an electron or a positive ion released 
under the conditions existing in the counter. Involved in this 
question are two important factors which are very uncertain. One is, 
under what conditions of field strength and gas pressure an electron 
or a positive ion may acquire a kinetic energy equal to or greater than 
the ionizing potential. The other is, what determines the fraction 
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of the ions with this energy which succeed in making an ionizing 
impact with an un-ionized molecule. This fraction is known to be 
relatively small, but little is known regarding its magnitude under 
given conditions. A further point which must also be considered is 
the contribution which excited atoms may make to the processes 
occurring in the counter. Their potential energy may be of consid- 
erable consequence, but so little is known about the subject that noth- 
ing quantitative can be deduced concerning it. 

The writer wishes to express his thanks to L. L. Stockman and to 
H. L. Martin for help in the experiments and in making the counts. 
He is also indebted to Dr. J. H. Hibben, of the Geophysical Labo- 
ratory of the Carnegie Institution, for much helpful advice and 
criticism. 

WasHINGTON, December 12, 1929. 











CALORIMETRY OF A FLUID 
By Nathan S. Osborne 


ABSTRACT 


In this paper a calorimetric method of determining the thermodynamic char- 
acteristics of a fluid is outlined. The basic principles involved and the applica- 
tion of the method to formulation of thermal properties for engineering uses 
are both analyzed. The method has been developed at the Bureau of Standards 
for determining the properties of steam. 

A single calorimetric apparatus specially designed and with especial refine- 
ments provides a setting for a systematic group of experiments of four types in 
which four characteristic heat quantities are determined each as a function of 
temperature. 

These experimental] data provide a basis for formulation of the thermodynamic 
behavior of the fluid in terms of familiar and convenient properties within the 
limits of the observations. 
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I. INTRODUCTION 


This paper presents the principles of a systematic method of 
observing the thermal behavior of fluids. The method is intended 
primarily for the purpose of obtaining data useful in heat engineering. 

Certain characteristic thermodynamic properties of a fluid exhibit 
its behavior with respect to changes of temperature, pressure, volume, 
and energy. Knowledge of these properties is indispensable to engi- 
neers in analyzing problems which arise from the use of fluids in heat 
engines. It is customary to collect and arrange in the convenient 
form of numerical tables and graphical charts the values of these 
properties for fluids used as media in thermodynamic processes. 

The most formidable problem in the preparation of a thermody- 
namic table or chart for a given substance is to obtain data adequate 
as to kind, range, and accuracy. With very few exceptions existing 
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thermodynamic tables have been prepared from scanty and incon- 
gruous data collected from various sources, and on that account 
require great dependence on the compiler’s appraisal. 

The discrepancies between steam tables bear witness to the difli- 
culties of measuring thermodynamic properties and emphasize the 
need of further development of rt 8 of measurement. 


II. CALORIMETRY AS A METHOD OF SURVEYING THERMAL 
BEHAVIOR OF A FLUID 


Measurement of the amount of heat which enters or leaves a mass 
of fluid when its state changes affords a means of studying thermal 
behavior, appropriate for formulating those thermodynamic proper- 
ties of a fluid which are important in engineering calculations. 

Although calorimetry has been used for obtaining certain indispen- 
sable data, the full possibilities and advantages of this mode of experi- 
mental study as a systematic basis for a complete thermodynamic 
formulation have not been utilized. Formerly, when measurements 
of heat were made only in terms of the heat capacity of a chosen 
standard substance, such as water, when the technique of tempera- 
ture control and measurement was only beginning to be developed, and 
when methods for controlling thermal leakage in calorimeters were 
yet crude, it was expedient to avoid where possible the inherent difli- 
culties of calorimetric methods and use simpler and more easily 
manipulated means, such as the simultaneous shearvelide of pressure, 
volume, and temperature, for establishing the thermal behavior of a 
fluid. 

Development of trustworthy standards and methods for electrical 
measurements brought new possibilities to calorimetry both as to 
increased accuracy and enlarged scope. The adopting and perfecting 
of electric heaters, resistance thermometers, and thermocouples, have 
made it possible to develop calorimetry into a reliable agency for 
thermal research. Ways to confine heat within a definite region, in 
opposition to the inherent tendency of heat to dissipate, have been 
developed and it is now possible to refine the various elements of a 
calorimetric apparatus to such a degree that the measurements will 
be consistently accurate. 

_ Conservation of energy is the keynote of calorimetry. One con- 

ception of a calorimeter is a place where we confine measured energy 
while observing the change in state which it produces in a measured 
sample of fluid. 

If the sample is part liquid and part vapor the definite relation 
between saturation pressure and temperature makes it possible to 
keep a definite control on the state of the sample and to make it pass 
through definite processes which effectively exhibit its thermal char- 
acteristics. 

The proposed method makes use of a single calorimetric equipment 
by means of which a system of measurements may be made which will 
determine some of the most essential thermodynamic properties of a 
fluid. In this method a sample of the fluid in a closed shell at some 
chosen temperature is heated electrically from the initial temperature 
and-pressure to some other chosen state, or is withdrawn at any chosen 
temperature and pressure either as liquid or vapor. The energy input 
required for each of these processes is measured electrically. The 
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amount of heat added per unit mass in any of these processes is char- 
acteristic of the fluid and of the particular experimental process 
observed. 

As the aggregate result of the group of measurements it turns out 
that the property of a fluid which is of utmost importance as a 
measure of available energy in a thermal process—that is, the “‘heat 
content”’ or ‘‘total heat’’—is the one most directly determined by the 
several calorimetric processes, but that specific heat, entropy, and 
specific volume also may be determined from this group of measure- 
ments. The method has been developed at the Bureau of Standards, 
for determining the properties of steam, and has previously been 
described in part.! The analysis previously given, which was re- 
stricted to a saturated fluid, has been revised so as to make it more 
general, and now includes application of the method to determina- 
tions of properties of the superheated vapor. 

In order better to visualize the physical aspect of the method, refer- 
ence will be made to the actual apparatus which has been developed 
in collaboration with H. F. Stimson and E. F. Fiock. This apparatus 
has been completed and has been used for a series of measurements 
extending over several years. Brief illustrated descriptions of general 
form of the apparatus, of some of the important details of construc- 
tion, and of tentative experimental results obtained have appeared 
from time to time as progress reports.” 

A comprehensive account of the construction, method of use, and 
results already obtained is now in preparation for publication. This 
account will contain the evidence as to the soundness of the method 
and the reliability of the results obtained. Only a very concise 
description of those vital features of the apparatus and procedure 
which pertain to the analysis of the method will be given here. 


III. DESCRIPTION OF EQUIPMENT AND EXPERIMENTS 
1. EQUIPMENT 


The apparatus consists essentially of a calorimeter where a sample 
of water may be sufficiently isolated from other bodies to enable its 
amount, state, and energy to be accounted for. The sample may be 
made to pass through a chosen, accurately determined change of state 
while the accompanying gain or loss of heat is likewise accurately 
determined. The design of the apparatus provides for several such 
experimental processes selected for their physical simplicity and for 
their fitness and sufficiency to exhibit the thermal behavior of the 
fluid. 

A quantity of water, part liquid and part vapor, is inclosed in a 
metal shell. The water is circulated rapidly about the interior in 
such a manner as to distribute heat and promote close approximation 
to thermal equilibrium. An electric heater continually bathed with 
flowing water provides a means of adding measured heat, which is 
speedily distributed throughout the calorimeter system. Outlets with 
valves provide for the introduction or withdrawal of either liquid or 
vapor. Detachable receivers suitable for weighing are connected to 
the outlets to hold the samples of water transferred. 











1J. Opt. Soc. Am. & Rev. Sci. Inst., 8, No. 4, April, p. 519; 1924. . 

? Mech. Eng., 45, No. 3, p. 168; 1923; 46, No. 2, pp. 81, 83; 1924; 46, No. lla, p. 808; 1924; 47, No. 2, p. 106; 
1925; 48, No. 2, p. 152; 1926; 49, No. 2, p. 162; 1927; 50, No. 2, p. 152; 1928; 51, No. 2, p. 125; 1929; 52, No. 2; 
p. 127; 1930, 
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For confining the heat the calorimeter is well insulated from the 
influence of external sources of heat and cold. In operation, the tem- 
perature of an enveloping shell is kept very close to that of the calo- 
rimeter shell itself. The heat which passes by leakage to or from the 
calorimeter system is accounted for as a small correction which is 
determined. The power consumed in circulating the fluid and added 
to the system as heat is another small correction which is determined. 

Means are provided for observing the following quantities: 

(a) Temperature of the calorimeter and contents. 

(b) Vapor pressure in the calorimeter. 

(c) Mass of fluid contents of the calorimeter. 

(d) Heat added to the system as electric power converted to heat 
and the small corrections for thermal leakage and circulation. 

The apparatus is designed to permit four special types of experi- 
ments to be made. In the ideal case of perfect manipulation and 
control of experimental conditions these would consist essentially of 
the following processes: 

1. Heating with fixed amount of contents. 

2. Isothermal expansion by adding heat, evaporating liquid, and 
removing saturated vapor. 

3. Isothermal expansion by adding heat, evaporating liquid, throt- 
tling, reheating, and removing superheated vapor at the saturation tem- 
perature and reduced pressure. 

4. Isothermal expansion by adding heat, evaporating liquid, and 
removing saturated liquid. 


2. HEAT-CAPACITY DETERMINATION 


The experiment of the first type is a heat-capacity determination. 


In this experiment the temperature is raised from an initial to a final 
equilibrium value by adding heat, keeping the amount of fluid in the 
calorimeter constant. The pressure, the densities, and the relative 
proportions of vapor and liquid will change in the manner charac- 
teristic of the fluid. The volume of the container will change slightly 
with temperature and pressure. A single experiment of this type will 
determine the thermal capacity of the calorimeter and contents over 
the interval through which the state of the system is changed. This 
interval may be expressed in terms of either the temperature or the 
pressure, according to convenience. Two experiments of this kind, 
each extending over the same interval, but with different amounts of 
fluid in the calorimeter, will differ in observed thermal capacity by 
the thermal capacity of the difference in contents. Thus, the thermal 
capacity of the instrument may be eliminated and a value found for 
the thermal capacity of unit quantity of a definite combination of 
saturated liquid and vapor. 

This result expresses a definite thermal property of the fluid, for 
its value is dependent only on the nature of the fluid aad on the initial 
and final states. It bears a definite and simple relation to other more 
familiar thermal properties, particularly the change in heat content 
of the saturated liquid which it approximates in value and which is 
determined by this type of experiment supplemented only by experi- 
ments of type 4. An experiment of the first type is thus substantially 
a determination of the change in heat content of the saturated hquid. 
The resultant heat quantity differs from the change in heat, content 
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by a correction term which is determined by the fourth type of experi- 
ment, and is small in amount at low temperatures, increasing with 
temperature and pressure. 







3. LATENT HEAT DETERMINATION 






An experiment of the second type is virtually a latent heat deter- 
mination. In this experiment a definite portion of the contents of the 
calorimeter is withdrawn as saturated vapor at the calorimeter tem- 
perature, which is maintained approximately constant during the 
experiments by adding heat to compensate for the energy absorbed in 
evaporating the fluid. Such changes in the experimental conditions 
as do occur will be accidental deviations from the idea! constancy 
aimed at. These deviations can never be absolutely annulled, but 

' their amount may be controlled by proper refinement of equipment 

and operation so that the effect is either negligible or else may be 

evaluated as a small correction. 

The result of a single experiment of this type is a determination of 
the amount of heat which must be supplied when unit quantity of 
saturated vapor is removed from the calorimeter. This includes not 
only the quantity of heat required to evaporate the unit mass removed, 
but also the heat to produce an additional amount of vapor sufficient 
to fill the space which is vacated by the fluid withdrawn. The 
' observed heat quantity differs from the latent heat of vaporization by 
this extra amount, and this correction turns out to be the same as 
that required to evaluate the heat content of the liquid from the 
result of the first type of experiment. 
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4. SUPERHEAT DETERMINATION 











The third type of experiment is a measurement of the heat content 
of superheated vapor referred to that of saturated liquid at the same 
temperature. This experiment differs from the second by throttling 
the sample of vapor from the state of saturation to a lower pressure, 
leaving the temperature at which it is withdrawn the same as before. 
The second type of experiment is the limiting case where the throttling 
is zero and the change in heat content becomes equal to the latent 
heat of vaporization. A still more general type of experiment would 
be the case where fluid is withdrawn at any temperature and pressure 
which can actually be produced and pe The special cases 
are simpler to deal with in actual experiments although the more 
general case is useful in developing the theory. 

The throttling device consists of a closely fitting threaded metal 
plug at the entrance to the vapor outflow tube. Throttling occurs as 
i leakage past this thread, and the degree of throttling or drop in pres- 
3 sure may be adjusted by advancing or withdrawing this plug. After 
passing the throttle the vapor enters a tube which is coiled within the 

vapor space of the calorimeter and leads to the outlet where the vapor 
is finally withdrawn from the calorimeter. The coiled tube between 
the throttle and the outlet is for reheating the vapor after reduction 
of pressure. The throttle and reheat tube are both situated in the 
vapor space where they are always bathed with saturated vapor. 
Condensation of saturated vapor on the tube supplies the heat nec- 
essary to bring the flowing vapor back to the saturation temperature 
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at which the calorimeter is being operated. The heat thus absorbed 
is a part of the total supplied to the calorimeter. 

The whole process is equivalent to isothermal throttling of initially 
saturated vapor, effected in a place where any cooling which occurs 
in the process is automatically compensated without disturbing that 
uniform distribution of temperature which permits control and annul- 
ment of thermal leakage. 

In this experiment the amount of heat is measured which must be 
supplied when unit quantity of vapor is produced by evaporation, 
reduced in pressure, and removed from the calorimeter at the satura- 
tion temperature which prevails within, where the evaporation takes 
place. This quantity of heat includes the latent heat of vaporization 
of unit mass, the correction for an extra amount evaporated to fill the 
vacated space, and the heat absorbed by the vapor in the process of 
isothermal throttling from saturation to the reduced pressure. 





































5. DETERMINATION OF CORRECTION 





The fourth type of experiment determines the correction which is 
needed to reduce the results of the other three experiments to simpler 
terms. This correction is observed directly as the heat added to keep 
the system in equilibrium when a sample of saturated liquid is with- 
drawn, and is simply the heat required to vaporize enough liquid to 
fill the space vacated. 

Further discussion of the physical interpretation of the results of 
the several types of calorimetric experiments will be reserved until 
after the quantitative relations have been analyzed. It will then 
become evident that the group of experimental processes each observed 
quantitatively over a range of experimental conditions, determines a 
group of thermal properties which, together with general thermo- 
dynamic relations and the two additional observed quantities, tem- 
perature and pressure, establish the thermal behavior of the fluid in a 
manner thoroughly consistent and suitable for practical formulation. 

In actual experiments, slight departures from the ideal conditions 
of constant temperature, constant outflow, and constant energy input, 
will be bound to occur even with the most refined technique attainable. 
In order to take into account these fortuitous variations from the 
ideal processes the analysis will be developed first for the general case 
and then by proper specializations applied to the four particular 
experimental processes which are expected to be useful in practice. 


IV. ANALYSIS OF CALORIMETRIC PROCESSES 
1. NOTATION 






M = Mass of fluid contents of calorimeter. 
6= Temperature on the thermodynamic scale. 
a=Saturation vapor pressure. 
V = Internal volume or capacity of calorimeter. 
u=Specific volume of saturated liquid. 
u’=Specific volume of saturated vapor. 
z= Fraction of fluid contents of calorimeter which is vapor. Quality factor. 
Q= Net heat added to calorimeter and contents in any experiment including 
electric power input, thermal leakage, and heat dissipated in work of 
circulating fluid. 
W = External work done by the system in any experiment. 
—dM =Any infinitesimal element of mass of fluid transferred from calorimeter. 
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y= Fraction which is vapor of any infinitesimal element (—dM) transferred. 
p= Pressure at which any infinitesimal element (—dM) is transferred. 
v= Specific volume of fluid transferred. 
E,=Internal energy of calorimeter. 
E,= Internal energy of contents. 
«= Internal energy of unit mass of saturated liquid. 
«'=Internal energy of unit mass of saturated vapor. 
e=Internal energy per unit mass of fluid transferred. 
H=Heat content per unit mass of saturated liquid referred to the value at 
some arbitrary temperature as zero. H=e+ ru. 
H’=Heat content per unit mass of saturated vapor referred to same zero as 
H. H’=eé'+rw’. 
L=Heat of vaporization of unit mass of fluid. L=H’-H. 
h=Heat content per unit mass of fluid transferred, referred to same zero 
as H. h=e-+ pov. oak ; 
q= Heat added to unit mass of saturated liquid in a reversible process. 
q’ =Heat added to unit mass of saturated vapor in a reversible process. 
= Entropy per unit mass of saturated liquid. 
&’= Entropy per unit mass of saturated vapor. 
¢= Entropy per unit mass of superheated vapor. 


o=Specific heat of saturated liquid a 
, 
o’=Specific heat of saturated vapor a 


Subscripts 1 and 2 denote initial and final equilibrium values, respectively, of the 
quantities to which they are attached. 


2. DERIVATION OF GENERAL EQUATION 


The purpose of the analysis which follows is to formulate the rela- 
tions between the quantities observed in the experiments and the 
properties of the fluid which are to be determined, with the ultimate 
object in mind of making a systematic formulation of the thermal 
behavior of the fluid in a convenient form. We shall briefly recall, 
of the things which happen in the experiment of the more compre- 
hensive or general type, those changes or operations which directly 
concern the analysis. 

A measured quantity of heat is added and distributed to the calo- 
rimeter and its fluid contents, part liquid and part vapor, and at the 
same time fluid is gradually withdrawn. These two actions are under 
the control of the operator. As a result a change occurs in the state 
of the calorimeter and the fluid within it. Accompanying this change 
of state, work is done on or by the system against external forces. 
The change in state is determined by suitable observation of the 
temperature and pressure, and these data, together with the observed 
data on the transfer of the fluid, gives a basis of accounting in terms 
of external work and internal energy for all the measured energy 
added in the form of heat. This accounting follows the principle of 
conservation of energy and is the first step in the analysis. The 
usual direction of the operations in an actual experiment is deter- 
mined by convenience of electrically measuring heat into the system, 
and of measuring outflow of fluid, and by the direction of pressure 
change in throttling. Except for these practical limitations these 
operations are not limited in sense, and the analysis is not restricted 
to either direction. 

We shall define the system to which the principle is to be applied 
as that space wherein by observation we may account for heat added, 
amount and state of matter, and work done. This definition is essen- 
tially a description of the calorimeter and its contents, a system which, 
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it is true, changes in mass, but for which, nevertheless, the energy 
account may be kept. In the present analysis we shall disregard as 
insignificant all changes of energy within the system other than 
measured heat added, external work done or change of internal 
energy, thus excluding changes in potential or kinetic energy of the 
aggregate mass. It then follows from the principle of conservation 
that whatever net energy is added to the system as heat, must appear 
either as net increase of internal energy of the system in its final state 
of equilibrium over that in its initial state, as net internal energy of 
fluid withdrawn, or as net work done against external forces, all these 


quantities being expressed in the same energy units. We may write 
this in our chosen notation 


2 
Q-1E.R+ IER { edM +W (1) 


Since the various elements of internal energy appear in the present 
analysis only in intermediate steps where numerical evaluation is not 
required, it is not necessary yet to introduce a reference value, but it 
is sufficient to specify that all these elements of internal energy are 
referred to the same state as a datum. 

This rudimentary equation will next be transformed into a form 
adapted to our purpose by introducing specifications as to the mass, 
volume, quality, and specific properties of the fluid. 

In the first place the total volume, V, of contained fluid may be 
expressed in terms of its total mass, M, the quality factor or vapor 


fraction, z, and the specific volumes of the saturated vapor and 
liquid uw’ and w in the equation 


V=Mzru’+M (1-2) u 
Likewise the total internal energy, F,, of the contained fluid may be 


expressed in terms of M, z, and the internal energies of the saturated 
vapor and liquid, e’ and ¢ in the equation 


E,= Mze'+ M (1—z)e (3) 


Eliminating M zx from (8) by use of (2) 





E,=Me+ (V-Mu) G— (4) 


and since by definition H’=e’+7u’and H=e+ ru, and also since 
H’—H=Lwe have 


L=e—e€+7(u’—u) (5) 





whence we may eliminate e and e’ in equation (4) and obtain 


E.-VW(o=; -x)+M(H- r L) (6) 
uu a 


Before substituting this value for EZ, into equation (1) we will find 
a similar equivalent for [W’]j, the external work done by the system. 
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This consists of two possible parts, one the work done against the 
external pressure by reason of an increase in volume of the calorimeter 
shell, and the other the work done by the fluid as it issues from the 
calorimeter. The first part is the product of the constant and uniform 
external pressure by the increase of the external volume, and in all 
practical cases would be insignificant, particularly if the envelope 
space were evacuated for thermal insulation. The second part is 
the total work done by all the elements (—dm) removed, each of 
which in emerging does a bit of work equal to the product of the 
instantaneous pressure, p, by the volume v(—dm) transferred. 
Neglecting the insignificant part, the whole work done by the system 
during an experiment is therefore 


W=-— Sipvdm (7) 


Returning to equation (1) and substituting for ZH, from (6), for W 
from (7), and h for e+ pv, we have as the general equation—applying 
to all the processes to be considered 


a 2 2 
[Qi = | Z- ee LI + | a(z- ar t)| ~ i} hdM (8) 
| 1 UU —U 1 1 


3. REMARKS ON THE PHYSICAL INTERPRETATION OF THE GENERAL 
EQUATION 


Equation (8) is an expression for the heat added in a complete 
experimental process of the general type which has been considered. 
It is now in convenient form for physical interpretation and for appli- 
cation to the special cases of the four types of experiment of the simpler 
kind, for the second member shows how the whole amount of heat 
added is disposed of, taking into account the quantity, distribution, 
state, and properties of the fluid, and the characteristics of the con- 
tainer. This equation properly applies to any process where heat is 
exchanged with a quantity of fluid consisting of part liquid and part 
vapor, as, for example, the operation of a boiler or a condenser, 
provided, of course, that we are able to keep the account of energy 
and material correctly. The main difference between our ideal 
calorimeter and a boiler consists in the refinements provided for 
accurate bookkeeping. The scale upon which a calorimeter is 
constructed, of course, need be only large enough for convenient 
construction and operation and accurate observation. 

_ If we examine the individual terms of the second member of equa- 
tion (8) we shall see that each of the three terms denotes a particular 
portion of the heat added, or its equivalent, very definitely identified 
with a particular part of the entire process. 

The first term involves the internal volume and internal energy 
of the contaimer itself but is independent of the amount of fluid 
contents, excepting that enough fluid must always be present to 
maintain the saturation condition. This term includes those charac- 
teristics of the calorimeter which affect the heat-absorbing capacity of 
oe Neither of the other two terms refers to the calorimeter 
itself. 

The second term expresses the heat added by virtue of the combined 
change in amount and state of the portion of fluid within the calorim- 
eter between the beginning and the end of the experiment. This 
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term is entirely independent of the intermediate process by which 
this change takes place, being completely determined by the initial 
and final values of mass and temperature. 

The third term completes the account by expressing the heat taken 
away from the system by the portion of fluid withdrawn. This 
term depends for its value not only on the initial and final states 
of the system, but upon the state of the issuing stream at every 
instant during the course of the experiment. 

Inasmuch as the physical operations upon which equation (8) 
is based are indifferent as to direction, the equation is not limited 
in its application to changes in a particular sense. If, instead of 
an electric heating current, we should employ a current of cooling 
fluid in a coiled tube so that it could absorb and take out heat, the 
equation would still apply for a decrease instead of a rise in tempera- 
ture, although the measurement of the heat would then have to be 
provided for in a different way. Also, except for the case of the 
throttling process, the transfer of fluid may occur either to or from 
the calorimeter without affecting the validity of the equation. 
Indeed it is possible even to apply it to a case where both directions 
of flow occur simultaneously, as, for instance, if we should introduce 
liquid and remove vapor at the same time, thus simulating the 
action of an ordinary steam boiler, or by reversing this process 
make the system operate as a condenser. 

As far as theory is concerned, equation (8) is general in its applica- 
tion to the types of thermal processes which may take place in a 
saturated fluid, considered as an isolated system. We shall consider 
in detail the four specific types of experiments which are adapted to 
the determination of the thermal properties of the fluid. 


4. CONSTANT MASS EXPERIMENTS 


In the first type of experiment the amount of fluid in the calorimeter 
is to be kept constant during a single experiment. For tkis condi- 
tion, the last term in equation (8) vanishes. We will use the symbol 
P , , V 
Z to denote the quantity, #,— Vx+ PS pa 7h. Let M, and M, denote 
the masses of the contents in two sepantte experiments in each of 
which the temperature of the calorimeter and contents is changed 
from 6, to 6. Let Q, and Q, denote the measured quantities of heat 
added in the two experiments, thus obtaining the following two 
equations 


Q.=12i+M,| 5" L] (9) 
| a | 1 


Q,~(Z2+M, E arr 1] (10) 


1 


Solving these two simultaneous equations for [Hoot L| 


and [Z]? we have 
E o” Q- Qa 
u’—u |}, M,—M, 
0,M, ee Q.M, 


Zi = "MM, 
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5. EVAPORATION EXPERIMENTS 


In an experiment of type 2 saturated vapor is withdrawn from the 
calorimeter and consequently the A in equation (8) becomes H’. 
in order to take into account the effect of variations in the state of 
the vapor, H’ may be separated into two parts, one a constant value, 
H,’, and the other the deviation, H’— H;, from this constant value. 
If we substitute for h, these two values into equation (8) the last term, 
which expresses the energy transferred in the outflowing stream, may 
be divided, one portion corresponding to the value for outflow at the 
steady state corresponding to Hj, and the other the effect of the 
variation of the state of the vapor from this ideal steady state. 


L 





Making this substitution, also substituting Z for lar tor 


2 
and expanding the expression | M(#-3*;2)| into the form 


1 








2 

(M,—-M,)(H- pL) +M.[ H- oo 1| 

U—4U 1 s UuU—U 1 

we have 
wee ee ee, (a- = L) 
ag ee eR ae”), 
"2 
_(M,— MH, - 3 { (H’ —H)dM 13) 


combining terms 
— [72 4 et er +. 
Q=|Z+ M; | 2 igh | +l M\(L+5",L), 
2 
- | Li (H’—H) dM (14) 


and solving for (Z + — L) 
—— t 


u’ 


1 


U ao As ae , _ 4% P 
(L+ 5°, L) =37a7| Q+1Zit+ Mal HT zat] 


ss i} * (H! — Et) aM | (15) 


2 
In equation (15) the quantities [Z]? and | Hr ret would be 
1 


determined from the results of experiments of type 1. As a matter 
of fact an experimenter would aim to keep conditions so steady that 
these two quantities would be negligible. 


2 
The quantity | (H’—H,)dM if large enough to be significant, 


would be determined by periodic observations of the state of the out- 
flowing vapor during the experiment. By refinement of equipment 
and manipulation this correction as well as the two just previously 
mentioned would all be kept very small. The requirement to make 
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them all zero would be to maintain constant temperature and pressure, 
and for this ideal experimental condition we should have the simpler 
form of equation 


(1+5 “—L) = “i. we (16) 


in which M2, M,, and Q are determined by observation, thus allowing 
; u : j 
the quantity L+7_, 4 to be determined at a certain chosen tem- 


perature in each experiment. This quantity is the property of the 
fluid, characteristic of this experiment, which was previously men- 
tioned as being approximately the heat of vaporization at low tem- 


wa 
peratures and pressures where the ratio awe small. 


6. THROTTLING EXPERIMENTS 


In an experiment of type 3 superheated vapor is withdrawn at the 
temperature 6, and the reduced pressure, p, and for this case the h 
in equation (8) may be denoted as (h)s,. In a manner similar to that 
followed in the case of evaporation experiments, (h)», may be sepa- 
rated into a constant and a variable part; that is, 


(h)er,, and (h)op— (h)on, 


but (h)o», is equal to H’, + [(h)o,]?! 
Substituting Hy + [(h)o,J2' + (A)en— (h)o,n; for A in equation (8), substi- 


tuting Z for E,— V+; L, and (M,— M\(H- “—L) + 
1 


M, | 5 ¥ — iL] for | M (n-, ~ 7 ri as in the previous deriva- 


tion of the special equation for ev am AE experiments we have 


Q=(Z]i + M, aint —~ L + (M,—M,) H-_{—L 
— (M,— M,)H; — (M2— Mh) me {(h)op— (h) on, }dM 


Combining terms 


=(Z + M, Ee L| - (M.~M,)| (hop 1 . 


ie ‘ {(h)op— (hoy, }¢M 


and solving for | (hop + = 5 | 
u'—u 4; 


| (ide H+ -1| - ~ MM, wom - Q+[Z]2+M, [ao 1] 
7 { [(h) op — WanldM | (19) 
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The previous remarks about determining the values of the correction 
terms which account for the variability of experimental conditions 
apply to equation (19) as well as to equation (15), the only difference 
being that the last term in (19) accounts for whatever variation may 
occur in the state of the superheated vapor during the course of the 
experiment, and both temperature and pressure need to be specified, 
while in equation (15) the relation between temperature and pressure 
is definitely fixed for the saturated vapor. The simpler form of 
equation for the ideal experimental condition of constant temperature 
and pressure in the latter case would be 


/ u Beer eed 
| iy H+ 1 | se a7, (20) 


UL 


in which M,, M,, and Q are determined by observation, allowing the 
quantity (h)e,— H+ L to be determined at a certain chosen state. 
This quantity differs from the characteristic property determined in 
the preceding experiment merely by the addition of the increase of 
heat content, (h)s,—H;, which corresponds to the change in state 
produced by the throttling from the saturation state, @:7;, to the 
state 6,p,; at which the vapor leaves the calorimeter. The latent 
heat of vaporization, which is the change of heat content, Hi—H,, 
for the constant pressure change of state from saturated liquid to 
saturated vapor is included in the result, and also the same factor or 


correction, 7— L, for fluid evaporated which remains in the calorim- 


eter. Except for this correction term the quantity measured with 
this calorimeter in a flow experiment is the increase in heat content 
for the entire change in state from the saturated liquid within the 
calorimeter to the state at which the fluid is withdrawn. 


7. EXPERIMENTS IN WHICH SATURATED LIQUID IS WITHDRAWN 


In an experiment of type 4, saturated liquid is removed from the 
calorimeter so that A in equation (8) becomes H. 
In a similar manner as before we substitute H,+ H—JHi, for H, 


rad 


Z for E, fa: Vr + ———L, 


Uu 
2 


and (M,—M,) (1-51) +M, | - i | 
- eG —@ 1 uUu—-U 


for | u(H- =m L)|. 
ua — 1 


1 


' | 
and have Q=([Z}?+ Ms [H-ay | + (M,—M,) (H- ok 


- (M,— M,) H, -{ (H—H,)dM 
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Combining terms 
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Again, as in the two previous cases, we have the three correction 
terms for variability of experimental conditions, two of which are 
determined from the results of separate experiments of type 1, and 
the last by periodic observations of the state of the issuing fluid. 

The form of equation for ideally perfect operation of this type of 
experiment wna be 


U 1 haa 
(| - _L) a —~,—m,2 (24) 


8. RESUME OF THEORY OF EXPERIMENTS 





As the result of a complete group of the four distinct types of experi- 
ments, each carried out as a series extending over the range of tem- 
perature and pressure within which the properties of the fluid are 
desired, we have four calorimetric quantities, each of which is char- 
acteristic of the process and of the particular fluid used, and each of 
which is completely determined with respect to the state of the fluid. 
We shall find it convenient to designate each of these four properties 
of the fluid by a symbol for use in formulating the intermediate steps 
by which other thermal properties are derived from these directly 
measured quantities. In addition to the four quantities which are 
calorimetric—that is, measured heat quantities—we may include the 
observed vapor pressure, 7, thus making five experimental quantities, 
four of which are functions of temperature, while the other (\) is a 
function of temperature and pressure, as the basis from which to 
formulate the thermal behavior of the fluid. The definitions of these 
quantities are 
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It may be noted that 7 is a pure ratio and Z denotes the 


magnitude of a physical quantity which may be determined by experi- 
ment independently of any arbitrary choice of a zero datum. Hence 
the quantities y and 6 may be evaluated at any chosen temperature 
without regard to any arbitrary datum. The quantity a on the 
contrary contains the quantity H involving the internal energy of 
unit mass of the fluid which we are able to evaluate only with respect 
to some arbitrarily chosen reference value. Consequently the quan- 
tity denoted by the symbol a can be determined experimentally only 
as a difference in value between two states of the liquid. The symbol 
ais used with reference to the same arbitrary zero which is chosen 
for the quantity H, so that the same arbitrary constant is tacitly 
understood for both. 

In the series of experiments the quantity a referred to this zero 
may be determined either by measurement extending from the zero 
state to the various chosen temperatures throughout the range; or 
else by measurements of convenient intermediate increments of a, 
which must cover the entire range. 

The quantity A, like y and £, is determined experimentally at a 
definite state, the arbitrary constant being canceled when the differ- 
ence between (h)e, and #7 1s taken. 

These five independently observed quantities when taken together 
with the thermodynamic relations which hold, in general, for all 
fluids, are sufficient to establish completely the thermodynamic 
properties of a fluid, over the range of conditions and to the accuracy 
determined by the experiments. 

It will shortly be shown possible to deduce from these five directly 
measured thermal properties the other, more familiar thermal proper- 
ties which are generally employed in dealing quantitatively with the 
thermodynamic processes of the fluid. 

The completeness with which the whole system of thermal proper- 
ties may be formulated from a group of data of this type is in practice 
limited by the experimental possibilities. The method can not be 
expected to be ideal in every particular, and the shortcomings must 
be watched for, not only in the preparations for experiments but in 
the formulation of results. 

The employment of this group of independent experimental data, 
together with the necessary thermodynamic general relations, results 
in a formulation which is self-consistent. 

The question of reliability of results is extremely important and in 
providing data for engineering purposes no opportunity should be 
overlooked to check the accuracy of results. This may be done in 
the first place by scrupulous attention to details of apparatus, ma- 
nipulation observation, and calculation. In the second place, if pos- 
sible, experimental results from different methods should be sub- 
jected to the test of mutual agreement with the general laws of 
thermodynamics. 

The first four of the group of data—that is, the four calorimetric 
quantities—are characteristic thermal properties of a fluid, which 
have been employed here solely for the reason that they are useful 
in the experimental study of the fluid by the calorimetric method. 
We shall next outline a method by which the thermal behavior as 
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thus determined may be expressed in terms of the more fundamental 
properties as usually formulated for engineering calculations. 


V. OUTLINE OF METHOD OF FORMULATION OF DATA 


The precise manner of evaluating and expressing as functions of 
temperature or pressure, or both, the various thermal properties 

which we may desire to formulate is a detail which may be handled 
in several ways. 

There are three ways of exhibiting physical quantities in terms of 
independent variables, viz, empirical equations, graphs, and tables. 
Each of these has some virtue, but none is indispensable. It would 
probably be advantageous to express the properties of steam finally 
by all three methods as far as possible, but the process by which the 
data are thus formulated may depend to a considerable extent on 
the character of the data themselves and on the possibility of obtaining 
satisfactory empirical equations to represent the experimental facts. 
The process of formulation also should provide for the comparison of 
independent experimental data from different sources, and for the 
appraisal and adjustment of the numerical values to represent the 
best estimate of the truth. 

We shall present here merely an outline of such a process which 
may be applied to the group of experimental data which we have 
recapitulated just above, resulting from the observations which may 
be made in the calorimeter specified. 

By simple algebraic combination of equations (25), (26), (27), and 
(28) and without utilizing any further thermodynamic relations 
whatever, we may deduce the followi ing group of equations 


H=a+ Bs (29) 
H’=at+y (30) 
h=at+nzr (31) 


These three equations show hew the four directly measured heat 
quantities, a, 8, y, 4, determine the heat content of the fluid either as 
saturated liquid, saturated vapor, or as superheated vapor at any 
pressure below saturation in each case referred to the value at a 
chosen reference state. 

It should be noted that these equations do not, in general, yield 
values of H, etc., as functions of temperature or temperature and 
pressure. They yield a value of H, for example, for every saturation 
temperature at which a and 6 have been determined. Only in 
case a and # are expressed as functions of temperatures will these 
equations lead to an equation for H as a function of temperature. 
Each of the quantities H, H’, h derived in this manner from the 
experimental data should be considered as denoting « series of values 
of that particular thermal property corresponding to the various 
chosen states of the fluid at which the observations have been made. 
If, therefore, the experiments have been suitably distributed as to 
temperature and pressure, we have thus the skeleton of a steam 
table, complete as far as heat content is concerned, which may be 
elaborated by interpolation, by graphical representation, or by for- 
mulation into an equation. 
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Thus heat content, perhaps the most vital of the thermal properties 
rege in engineering calculations, is directly determined calori- 
metrically. 

Owing to the fact that the type of calorimeter chosen for this 
method operates at the saturation limit, the range of the determina- 
tion is continuous along the saturation ‘limit and into the superheat 
region, thus bridging a gap which would otherwise need to be crossed 
by extrapolation. 

The latent heat of vaporization equal to H’—H, is directly deter- 
mined by the equation 


L=y-6 (32) 


, 
- 
The ratio > of the specific volumes of the saturated vapor and 


saturated liquid is determined by the equation 


uy - 
uu B (33) 


which results directly from equations (26) and (28). 

To proceed further with the derivation of thermal properties from 
the group of experimental data it is necessary to use relations which 
depend on the second law of thermodynamics. We shall use the 
general relation 

dh = 6d +vdp (I) 


which is a statement combining the substance of the first and second 
laws for a fluid subjected to a reversible change of state. We shall 
also use Clapeyron’s equation 


L dr 

w—u "do (11) 
which is deducible from (I) for the special case of evaporation at a 
constant temperature. 

It is, of course, necessary to have a knowledge of the zero of tem- 
perature on the thermodynamic scale relative to the working scale 
used in the measurements. Wherever temperature @ appears as a 
factor it is to be referred to this absolute zero of temperature. 

As a consequence of this last relation (II) it follows that 


u dr 
rea 


and therefore from equations (25), (28), and (26) that 


dr 


a=Ti— du do 


dr 
“0 


70 
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It will next be shown that the entropies of the saturated liquid and 
of the saturated vapor are determined by the calorimetric dats 
a, 8, and y directly through these additional relations. 

If we solve equation (I) for d¢ we have 


al dh v 


dp=—, — gdp (IV) 


; ] ae ae : 
and since = = a(5) +5 db we have by substituting in equation (IV) 
h\ kh, v 
do=d (5) +jd0— Sp (V) 


and now applying this equation to saturated liquid, noting that 
h=H=a+8, and vdp=udr 


fa B u = 
de=d (%%)+fod0 + 940 — pda (37) 
But by equation (35) the last two terms cancel so 
de=¢ (F) +% de 
and by integration of this equation 


H 
int 3 [G20 


Applying equation (V) to the saturated vapor, noting that 
h=H’=a+y and vdp=u'dr 
‘ a a u’! 
de’ =d ( >) t 248 + p29 pda 
But by equation (36) the last two terms cancel, so 
, H’\ «a 
d& =d( “ )+S.d0 (41) 
and by integration 


@’ ~ + 29 +e (42) 


Equations (39) and (42) are suitable for calculation of the entropies 
of the saturated fluid from the calorimetric data. The first step— 
that is, calculation of H and H’—has already been indicated. The 

HT H’ ; ; 
values of F and g may be calculated directly. The term | § 


must be evaluated by taking account of how a varies with temperature. 


JA 


Ga? 


°° ° a . 
An empirical equation for ge as a function of temperature would be a 


convenient means of evaluating this term, and for this purpose need 
only conform to the data in the range used, and be integrable. The 
constant ¢ depends upon the arbitrary zeros chosen for the various 
quantities in the equation, 
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It has not been necessary to use vapor pressure, 7, in any of the 
reductions this far for the properties of the saturated fluid, except 
incidentally perhaps as a means of taking account of slight variability 
in the experimental conditions. But if both temperature and pressure 
are observed simultaneously, either in this or other apparatus, an 
independent relation is obtained which with the calorimetric data 
determines the specific volumes of the saturated fluid. For this 
purpose use is made of equations (35) and (36), which are corollaries 
of Clapeyron’s equation. Solving these equations for w and wu’ the 
specific volumes of saturated liquid and vapor, respectively, we have 


B dé , 
w= 43 
6dr (43) 
fang 44 
6 dx (44) 
These equations are suitable for calculating the specific volumes 
al B dé ; : 
within the range where 4» > and 5 can be determined with the req- 
T 
uisite accuracy. 
The method of calculating the ordinary specific heat o of the 
saturated liquid and o’ of the saturated vapor is merely another 
detail of mathematical derivation from the calorimetric data. If we 
define the specific heat of the saturated liquid as the rate of abserption 
of heat of the homogeneous saturated liquid, in place, relative to 
dq 
dé 
the equation for o’ from equation (38) noting that dqg=ed¢ 


H 
dq = oa( 5) + 7) (45) 


4% _,d 3)- a 
o= 16 A 9 (46) 


and similarly for the vapor 


_ oe 4 =) a 


do dé #3 T5 (47) 


temperature rise—that is, =>»denoted by the symbol co—we may obtain 


whence 


0 


For calculating the entropy of superheated vapor a simple method 
may be employed if the isothermal throttling experiments can in 
practice be so carried out that determinations of h are made at tem- 
peratures and pressures corresponding to intersections of suitable 
isothermals and constant pressure lines on the chart. 

From equation (1) at constant pressure 


do= a 


“1 (dh . 
6 ow, we 


whence by integration 
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For the specific volume in the superheat region, we have from 
equation (I) at constant temperature 


dh do - 
d “ek (ts it 


oy . 
dp). (51) 


It is evident that we may continue and calculate numerous other 
coefficients and derivatives representing certain thermal properties, 
such as specific heat at constant pressure, Joule Thomson effect, etc. 
for comparison with results of experimental data by other methods. 
{t is not surprising, however, to find that there are practical limita- 
tions to the range within w hich some of the thermal properties may 
be determined by this method of measurement. 

For example, it is obvious that high percentage accuracy would be 
impossible in determining the specific volume of the liquid at low 
temperature and pressure where both the measured heat quantity 





or, at constant entropy 


; dr 
and the rate of change of pressure with temperature dg are very small, 
and the expression for specific volume, wu, approaches the indetermi- 
oO _ : 
nate form tee But fortunately this is a region where other methods 


of measurement are relatively easy and capable of great accuracy 
On the other hand, as temperature and pressure increase, the magni- 
tudes of the quantities which determine wu by the calorimetric method 
get more favorable for accuracy, while other methods requiring actual 
measurement of volume are more formidable than at lower tempera- 
tures. Furthermore, the state of saturation in the calorimeter is a 
fundamental condition of the method. This constitutes an advantage 
in the determination of values of thermal properties at the boundary 
over methods which rely on extrapolation from observations confined 
to states in the superheat region. 

In the case of approach to the critical state the fact that the prop- 
erties of the liquid and vapor phases approach equality might be 
expected to make it more difficult to maintain perfect separation of 
the phases, thus giving rise to indeterminateness of the physical 
processes akin to the mathematical forms which thermal properties 
are supposed to exhibit in this region. It is certain that for steam 
the critical state would not be a favorable one for calorimetric meas- 
urements on account of the high values of temperature and pressure. 

Aside from these limitations there is a range of conditions within 
which it is possible to determine by the proposed calorimetric method 
the numerical values of the thermal properties of a given fluid to an 
accuracy appropriate for engineering purposes. The calculation of 
these numerical values would not necessitate the setting up of an 
elaborate system of mutually consistent empirical equations. The 
values would nevertheless be consistent with thermodynamic criteria 
to the degree of accuracy fixed by the measurements and the calcu- 
lations. The thermodynamic criteria will have been already included 
as independent relations used in the scheme of calculating the several 
properties from the group of independent experimental quantities. 
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We have, in what has gone before, the skeleton of a formulation of 
the thermal behavior of the fluid. The formulation may be exhibited 
in either of the three ways previously pointed out. The numerical 
values may be tabulated, interpolating by the usual methods between 
the determined points. They may be plotted graphically in a variety 
of ways. They may be used to determine the constants in a series of 
empirical formulas. Or any combination of the three methods may 
be used. The details of the precise manner of formulating the data 
for actual use in thermodynamic calculations is beyond the scope of 
this paper which merely aims to establish the basic principles of one 
method of determining the thermal behavior of a fluid. 


WASHINGTON, October 28, 1925. 
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THE CALIBRATION OF THE ‘‘FINGERHUT” IONIZATION 
CHAMBER 


By Lauriston S. Taylor and G. Singer 









ABSTRACT 






The use of the ‘‘thimble”’ ionization chamber (Fingerhutkammer) has in the 
past been the only method for comparing the primary X-ray standards of different 
laboratories, hence the precise calibration of two thimble chambers is discussed 
in this paper. Five principal factors determine the accuracy of such a calibra- 
tion, and it is shown that the errors are all, in general, in the same direction. It 
is shown that the X-ray beam must have a uniform section sufficient to cover the 
thimble chamber and yet not be so diaphragmed that off-focus radiation may 
impair the readings of the standard chamber. The chamber must be carefully 
aligned in the beam experimentally and not merely centered on the basis of its 
geometrical shape, since the distribution of measured ionization is found to vary 
considerably over the length of the chamber. In the investigation of the standard 
ionization chamber! the special conditions affecting the applicability of the 
inverse square law were described. The same general conditions were found to 
hold true for the thimble chamber, indicating the necessity of making a careful 
analysis of the diaphragm system before proceeding with the calibration. The 
“wall effect’ of two thimble chambers was studied, and the very strong depend- 
ence upon quality of radiation indicated that any intercomparison by means of 
such a chamber will be valid only under identical conditions of voltage, filtration, 
and wave form of generator. 
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I. INTRODUCTION 










4 A problem of fundamental importance in the standardization of 
X-ray dosage is the comparison of the (r) units established inde- 
pendently in the several national and local laboratories. It is ordi- 
' _narily not possible or, perhaps, desirable to have every standardiza- 
tion equipment identical, and consequently any medium for inter- 
calibrating the standards must be capable of being standardized 
accurately and unambiguously against each standard. Up to the 
_ present? the only international comparison of X-ray standards has 
been through the use of the ‘‘Fingerhutkammer,”*® when Behnken 
carried such a calibrated chamber to several laboratories, measuring 
the (r) unit as determined by each. The discrepancies in the cali- 















1L. 8S. Taylor, B. 8. Jour. Research, 2, p. 771; 1929. 

* H. Behnken, Strahlentherapie, 29, p. 192; 1928. 

' The more common designation of the small chambers used in connection with dosage meters is the 
original German term “Fingechutkammer.” In the future we shall use the term ‘“‘thimble” chamber 
for this device. 
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brations against the respective standards were then used as correction 
factors when necessary. 

The next problem of practical value is the calibration of the small 
portable ionization chamber or dosage meter. Since most biological 
reactions are seldom reproducible to within a small percentage, an 
accuracy of about 4 per cent is usually sufficient for the calibration 
of a dosage meter which is to be used for medical purposes. If a 
similar instrument is to be used for comparing standards, the accuracy 
of calibration should then be 0.5 per cent or better. 

In some preliminary investigations it was found, however, that to 
attain an accuracy of 1.0 per cent in calibrating a small ionization 
chamber considerable care was necessary and, moreover, that differ- 
ences up to several per cent might easily arise due to differences in 
technique used by different investigators. Consequently a study was 
made of certain details in the methods for calibrating the thimble 
ionization chamber and of the probable sources of error involved. 
For most of the errors it is not deemed necessary to make corrections 
inasmuch as special technique permits them to be avoided. We will 
point out the sources and magnitude in the case of several of the 
errors without attempting to provide corrections except in method. 

In two earlier papers *® several possible sources of error in the 
standard ionization chamber were indicated, and it was suggested 
that they were of such a nature as to admit of the possibility of coun- 
terbalancing each other. The magnitude of some of them was deter- 
mined and the experimental arrangements of several other observers 
were analyzed for the presence of such errors, which were, in general, 
found to be small. In the present work it has been found that the 
errors are not so likely to counterbalance each other but tend rather 
in the same direction; that is, they are such that the thimble chamber 
measures too little ionization. 

In this study the standard ionization chamber of the Bureau of 
Standards was used as a reference for all measurements. A number 
of different types of dosage meter were available,’ of which two were 
chosen as being representative of all those employing the more 
commonly used thimble chamber. Consequently our study was 
confined to the Friedrich and the Glasser chambers, each, however, 
being used in conjunction with the same string electrometer. 


II. ENERGY DISTRIBUTION ACROSS SECTIONS OF THE 
STANDARD X-RAY BEAM 


The most important requirement for the standard X-ray beam is 
that it be uniform over the entrant diaphragm of the standard 
ionization chamber.’**®'® Beam uniformity over the area of the 
thimble chamber is likewise the outstanding requirement in the com- 
parison against the standard. Below are given a number of curves 
showing the energy distribution over a section of the X-ray beam, 
illustrating ¢ correct t and incorrect conditions. 


‘LL. 8. Taylor, B. 8. Jour. Research, 2 (RP 5 56), p. 771; 1929. 

5 L. S. Taylor, B. 8S. Jour. Research, 3 (RP 119), p. 803; 1929. 

6 Other dosage meters available were of the following types: Furstenau, Miiller, Kiistner ‘‘ Eichstanc- 
ger: at,”’ Solomon, and Wulf. Of these the Furstenau and Kiistner instruments do not involve the use of « 

‘Fit re die 

7L.8. Taylor. (See footnote 5.) 

8 W. V. Mayenord, Brit. J. Rad., N.S. I., p. 125; 1928. 
9 Otto Glasser and U. V. Portmann, Am. J. Roent., 19, p. 47; 1928, 
1®H, Behnken, Strahlentherapie, 26, p, 79; 1927, 
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The presence of the limiting diaphragm near the tube complicates 
matters somewhat. It has been oma however, that for standard 
ionization-chamber measurements such a diaphragm near the tube 
has certain advantages in avoiding the effect of off focus " and stem 
radiation, although its use necessarily makes the uniform area of the 
beam small. As a consequence, if we have a thimble chamber whose 
length is from 1.5 to 4 cm., it is clearly possible that, while the X-ray 
beam may be sufficiently uniform over an area necessary for the 
standard, it does not necessarily satifsy the requirements of the small 
chamber except at comparatively great distances from the tube. 
On the other hand, if the beam uniformity is made to satisfy the small 
chamber by, say, enlarging the limiting diaphragm next to the tube, 
then an error may be introduced in the standard determination due 
to off-focus radiation. It is evident then that the two measurements 
must be carefully made with proper regard to these conditions if 
an accurate calibration is to result. 

In calibrating a small chamber the various methods used may be 
reduced to four, as indicated diagrammatically in Figure 1. The 
first * (position 1) places the thimble chamber between the X-ray 


M 


ie 


| etna rodius TE 

















Figure 1.—Arrangement of diaphragms and thimble chambers for calibration 


tube and standard ionization chamber N, and sufliciently off the axis 
of the X-ray beam so that it does not intercept the part of the beam 
entering the standard chamber. The ionization currents are then 
measured simultaneously and the inverse square law applied to the 
two. This is the system used by Behnken and, as seen, assumes that 
the beam is uniform over a comparatively wide area. In the second 
method (position 2) the thimble chamber is beyond the standard and 
on the same axis; the readings are made simultaneously and the 
inverse square law applied. The third (position 3) involves a substi- 
tution method, the thimble chamber being inserted between the tube 
and the standard on the axis of the beam which is utilized by the 
standard; the readings are taken separately and the inverse square law 
applied. The fourth (position 4) also involves a substitution method,” 
the thimble chamber being inserted in the position occupied by 
the front diaphragm of the standard and the use of the inverse 
square law thus avoided—a very desirable feature. The first two 
methods have the advantage of simultaneous measurement, thus 
minimizing the effects of an unsteady source of radiation. The 
choice of any of the methods will depend upon the beam uniformity 
which, in turn, depends on the limiting diaphragm M and the appli- 
cability of the inverse square law. The last method is used by the 
Bureau of Standards since an extremely steady X-ray equipment 








1 Off-focus radiation is defined as that radiation from an X-ray tube which originates from points on 
the target face other than the sharply defined focus. 

“2H, Behnken. (See footnote 10.) 

18 Otto Glasser and U, V, Portmann, (See footnote 9.) 
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controlled by a specially constructed voltage stabilizer is available. 
In this equipment the standard and small chamber are fixed in position 
while the X-ray tube and beam are shifted laterally from one to the 
other, keeping the relative position of target to chamber the same 
for both. 

The uniform distribution of energy across the beam may be tested 
most easily by means of an ionization chamber. Photographic deter- 
minations are more accurate if carefully executed, inasmuch as there 
is no effective slit width for which allowance must be made. Figure 
2 shows for several diaphragm combinations and distances from the 
X-ray tube, the intensity of ionization measured by the standard 
chamber as the beam is moved laterally across the entrant diaphragm 
N. (The curves are plotted on different scales so that the relative 
ordinates are without significance.) For all of this study the focal 
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Figure 2.—Intensity distribution across standard X-ray beam. (Measured 
with standard chamber) 


spot had a radius of about 0.6 cm and the diaphragm M likewise a 
radius of 0.6 cm except where otherwise indicated. In Curves I and II 
the distance from tube to chamber was 90.5 em while the radii of the 
limiting diaphragm M were 0.4 and 0.6 em, respectively. In Curves 
II and III, both diaphragms had 0.6 cm radii and the distances were 
90.5 and 155.5 em, respectively. It will be noticed that under the 
conditions of Curve I the peak of the curve is relatively narrow, hence, 
proper alignment of the system is very necessary so that, if possible, 
such conditions are avoided. By increasing the size of diaphragm 
M to a radius of 0.6 em (Curve II) the peak is considerably broadened 
though it is not of uniform intensity over its width. However, the 
increase in M may be undesirable in that it allows ‘‘off-focus’’ radia- 
tion to enter the standard chamber. Curve III is similar to II except 
for having a broader peak. It is also of interest to note that all 
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curves are very nearly symmetrical. This indicates a correct adjust- 
ment of the limiting diaphragm M, since if M were out of alignment, 
off-focus radiation would show up asa dissymmetry. After correcting 
for the diameter of the large diaphragm the measured width of the 
peaks agree fairly well with the calculated widths. 

The calibration of a thimble ionization chamber placed in the X-ray 
beam under conditions corresponding to Curve I would be in doubt 
if not in serious error since the X-ray intensity would not be uniform 
over the length of the chamber. Placed in the beam corresponding 
to Curve II the flux density of the beam would be sufficiently uniform, 
but due to the very large diaphragm M used in the standard system 
an error due to off-focus radiation is introduced in the standard which 
rules out such an arrangement. A calibration of the fourth type, 
however, would be satisfactory under conditions corresponding to III, 
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Figure 3.—Intensity distribution across standard X-ray beam. (Measured 
with thimble chamber) 











in that the beam is uniform over the length of the thimble chamber and 
at the same time off-focus radiation is excluded from the standard 
chamber. 

If now, using a thimble ionization chamber (Friedrich in this case), 
we measure the energy distribution across the beam the symmetry 
usually disappears and the width of the peak is apparently diminished. 
In general, any dissymmetry is due to the construction of the thimble 
chamber, which is such that the measured ionization is not uniform 
over its length. The apparent narrowness of the peak is caused by 
the large “‘effective slit width” of the Friedrich chamber, the actual 
uniform part of the beam being some 2 cm greater in diameter. 

Figure 3 gives a set of such energy distribution curves under 
several different sets of conditions; Curves I, II, and III being taken 
with a limiting diaphragm M of diameter 8 mm and curves Ila and 
Illa with a limiting diaphragm M of diameter 12 mm. With the 
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standard chamber at the same relative positions as indicated for the 
thimble chamber and the diaphragm M having an 8 mm diameter 
(first case) the off-focus radiation is definitely excluded and an 
accurate standardization of the beam may be effected. With the 
diaphragm M having a 12 mm diameter (second case) off-focus radia- 
tion enters the chamber and impairs the results. 


III. THE INVERSE SQUARE LAW FOR THIMBLE CHAMBERS 


In a paper referred to above * it was shown that depending on 
whether the target, as viewed from the position of the chamber 
diaphragm, does or does not fill the aperture of the target diaphragm 
the inverse square for computing intensity is applied, respectively, 
to the target diaphragm distance, or the target distance. Thus, when 
the ionization chamber diaphragm filled the aperture of the system," 
the distance must be measured between the limiting diaphragm Jf 
and the chamber diaphragm N. This condition becomes more 
important when using large ionization chamber diaphragms. 

Since, to obtain sufficiently large effects, most thimble ionization 
chambers subtend a fairly large solid angle as measured from the 
focus, the inverse square law was investigated in a manner similar 
to that used for the standard chamber. The thimble chamber and 
electroscope tube were mounted so as to move along a track 2 m long 
placed parallel to the X-ray beam. The vertical and horizontal 
alignment was determined by measurement as above, the chamber 
being placed in the center of the uniform area of the beam. Ioniza- 
tion currents in the thimble chamber were measured for various set- 
tings of the chamber along the track, the position being measured 
with reference to the diaphragm M. 

Plotting the intensity (I) against the square of the reciprocal dis- 
tance (1/B’) it is seen in Figure 4 that there is a distinct break in the 
curves. Three such curves are given; curve G for a Glasser 1 cm® 
chamber, and Curve F for a Friedrich chamber; the first having an 
outside length of 2.9 cm and the second an outside length of 2.7 cm. 
It will be also seen that the break in curve G occurs at a position cor- 
responding to a distance farther from the tube than the break in 
curve F, Likewise the curves for both Friedrich and Glasser chambers 
break at a point farther from the tube than a similar curve S for the 
standard chamber. It is seen that the lower portion of each curve 
passes through the origin, indicating that the inverse square law is 
obeyed only beyond a certain distance from the X-ray tube. Also 
on the curve G it is seen that the points 1, 2, and 3 are far off the 
straight portion covering smaller distances. This divergence is 
caused by approaching too closely to the tube where the beam inten- 
sity varies very rapidly across the diameter occupied by the chamber. 
(See Curve I, fig. 3.) 

If we replot these same data as log J against log B, we may determine 
the exact divergence from the inverse square law. (Fig. 5.) If the 
inverse square law is obeyed, the points should lie along a straight 
line having a slope of —2.0. Actually it is seen that for a Friedrich 
chamber only the portion 6F has a slope of approximately — 2.00, for 





4 L.S. Taylor. (See footnote 5.) 
16 The aperture of the system is defined as the solid angle subtended by the focal spot and the limiting 
diaphragm M, (Fig. 1.) 
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a Glasser chamber the portion aG; these points corresponding to dis- 
tances far from the tube. If we plot log J against log (B+ k) for the 
Friedrich chamber, it is seen that the part b’W most nearly approaches 
the slope —2 (being actually — 2.04), corresponding to distances near 
to the tube. It is important to notice that the inverse square law is 
not obeyed exactly over any of the range of (B+k). This bears out 
the conclusion drawn in an earlier paper ® that the use of an extended 
source of radiation appears to be preferable for precise X-ray 
standardization. 

By analogy to the case of the standard chamber, where now the 
thimble chamber replaces the standard chamber diaphragm, we should 
expect a divergence from the inverse square law at the position where 
the thimble chamber no longer fills the aperture of the system.'” This 
should be at such a distance that 


_ka+kb+aB 
- B 


where f, a, and 6 are the respective radii of focal spot, limiting dia- 
phragm and standard chamber diaphragm (half the effective length 
of the small chamber in this study) and B and k are as indicated in 
Figure 1. However, it is impossible to determine the effective leagth 
of the chamber accurately, hence, merely the order of magnitude of B 
can be calculated. 

Having observed such a discontinuity in the intensity curve for the 
thimble chamber, we are confronted with the question of comparing 
the ionization measurements of standard and thimble chambers. 
Curve “Standard” in Figure 4 is for the standard chamber when using 
the same limiting diaphragm M and an arbitrary standard chamber 
diaphragm N. It is seen that the break point for this curve differs 
from the first two. 

Referring to Figure 5 we find when the thimble chamber is used at 
such distances that the inverse square law is applied to the diaphragm 
M, that the exponent of the distance is —2.01, thus differing from 
—2.00 by 0.5 per cent. On the other hand, for such distances that 
the inverse square law is applied to the target the exponent is about 
— 2.04, giving a difference of 2.0 per cent from — 2.00. Correspond- 
ingly, we find when using a standard in place of a thimble chamber 
that the divergence of the respective exponents agrees in order of 
magnitude with the thimble chamber. Thus, if one chamber is cali- 
brated against the other over regions where their exponents agree, 
the errors introduced will neutralize each other. However, if the cali- 
bration is made over regions where the two exponents differ, there will 
be an error of about 1.5 to 2.0 per cent. In other words, for calibra- 
tion purposes, conditions should be so selected that either both 
chambers fill the aperture of the system or neither chamber fills it. 
Thus for the Glasser chamber the comparison should be made in 
the regions O to a or s to m and not in the region a to s. When cali- 
brating dosage meters for medical uses the errors introduced as above 
may not be serious, whereas for standardizing purposes their magni- 
tudes warrant proper consideration. 





1 L. S. Taylor, B. 8. Jour. Research, 3 (RP 119), p. 803; 1929. 
7 See equation (7) and Fig. 1 (c) in paper by L. S. Taylor, B. S. Jour. Research, 3, p. 803; 1929, 
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IV. DISTRIBUTION OF IONIZATION IN THIMBLE 
CHAMBERS 


In studying the general behavior of a thimble chamber it is im- 
portant to know the distribution of ionization in the chamber itself. 
(See Sec. II.) For instance, it was found when measuring the inten- 
sity distribution across the beam that the peak of the intensity curve 
did not always coincide with the position of the geometrical center 
of the particular chamber used to determine it. To check this the 
beam center was obtained accurately by means of a Glasser 1/20 cm® 
chamber and the geometrical center of the larger (1 ml) chamber set 
at this point, after which it was usually found that the 1 ml chamber 
had to be shifted slightly in order to obtain the maximum ionization 
reading. This means that we can not rely upon the geometrical 
center as the true center point in aligning the chamber for calibration. 
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Figure 6.—Distribution of ionization along axis of 
Glasser chamber 


To measure the distribution of ionization in the thimble chamber 
(and likewise to obtain the effective center), the X-ray beam was 
defined by a long slit about 1 mm wide and the chamber moved 
across this beam by small steps in a direction parallel to the chamber 
axis and at right angles to the long axis of the slit, so that at any 
position only a small portion of the chamber air volume was ionized 
by the direct beam. Figures 6 and 7 show the distribution of ioniza- 
tion in a 1 em® Glasser and a Friedrich chamber, respectively. Below 
each curve is a half-section scale drawing of the corresponding cham- 
ber. In the case of the Friedrich chamber the center of the ionization 
peak agrees fairly well with the geometrical center. However, due 
to the very uneven ionization at the ends it is difficult to predict the 
true effective center when used in a broad beam. There is a marked 
increase in the ionization at the end of B of the chamber, this being 
due to the metal collar which supports the chamber cap. The case 
of the 1 cm*® Glasser chamber is similar, although the center of the 
ionization peak is farther from the geometrical center while the 
scattering at the end B appears to be negligible. 
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As pointed out in Section II, it is not ordinarily possible to calculate 
the break point in the inverse square law from the measured length of 
the thimble chamber; however, having found the break point we may 
attempt to calculate the effective length of the chamber by reversing 
the process. A comparison of the values given in column 3 of Table 1, 
obtained in this way, with the over-all geometrical length given in 
column 2 shows at once the futility of trying to calculate the working 
range for standardization on the basis of the measured chamber 
length. The fact that the experimental length given in column 4, 
obtained by measuring the width of the peaks in Figures 6 and 7, 
is the same for both the Friedrich and Glasser chambers would 
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Ficure 7.—Distribution of ionization along axis of Friedrich 
chamber 


lead to the conclusion that the working range of the inverse square 
law was the same for both, and yet Figure 4 shows that their break 
points differ by 8 cm. 
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Vv. SATURATION CONDITIONS IN THIMBLE CHAMBERS 


When a small ionization chamber is used with a medical-dosage 
meter the system is always charged to a potential of the order of 
300 to 500 volts, thus assuring complete saturation of the chamber. 
In such cases the working sensitivity is comparatively low, requiring 
very long exposures for the radiation ordinarily used in treatment— 
an undesirable feature when using the small chamber for an inter- 
comparison between two standards, since the likelihood of severe 
fluctuations in beam intensity is greater for long time intervals. 
As a consequence lower charging voltages (50 to 100) are frequently 
used, thus increasing the working sensitivity of the system." It is 
questionable whether there is always complete saturation under such 
conditions.!® ” 
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FiaureE 8.—Voltage saturation curve for thimble chamber 








To test this a system was arranged so that a full-scale deflection 
of the electrometer corresponded to a potential of about 50 to 100 
volts on the ionization chamber electrode. With the chamber 
exposed to a steady source of radiation, times of transit were meas- 
ured for, say, every five divisions on the electrometer scale. Plotting 
time against the voltage corresponding to each scale reading a 
straight line would indicate uniformity of measured ionization; that 
is, saturation. It was found, however, that actually there was a 
slight curvature below about 50 volts for the particular chamber. 
The average ionization current over any interval is proportional to 
AV/At, the voltage increment over the time interval. Thus, plotting 
AV/At against V we may obtain a saturation curve for the chamber 
in question. Such a curve for a Glasser chamber is shown in Figure 8. 





18 The ionization current is proportional to the loss of potential of the system per unit time. The tension 
of the electrometer fiber is adjusted to give a full-scale deflection for any voltage used on the chamber so 
so that when exposed to the same radiation, for equal scale deflections the time is less, the lower the full- 
Scale voltage on the system. 

” H. Fricke and O. Glasser, Am. J. Roent., 13, 453; 1925. 

* R. Braun and H. Kustner, Strahlentherapie, 32, pp. 550 and 739; 1929. 
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There is considerable error in obtaining such a curve, but the trend 
of the points indicates beyond any question that there is not complete 
saturation below 50 volts. 


VI. “WALL EFFECT” IN THIMBLE CHAMBERS 


It has been well recognized that, for most small ionization chambers, 
the “wall effect’? has a very decided influence upon the ionization 
measured.”! 2 It was this effect which prompted Fricke and Glasser * 
to develop the “air wall” chamber in which the walls are made up of 
a compound having the same effective atomic number as air, and in 
which the ionization is closely parallel to that in an unrestricted 
volume of air. However, the extensive use of chambers having walls 
of graphite, magnesium, horn, celluloid, etc., which do not fulfill 
this condition makes it necessary to establish some correction factor 
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Figure 9.—Dependence of measured ionization in a thimble chamber as 
a function of filtration 


for the wall effects. Behnken * applies a correction determined by 
the half-value layer in copper for each kind of radiation used. His 
method is probably sufficiently accurate and there seems little chance 
of improvement unless a standard source of X rays in which there is 
a fixed energy distribution is established This might be approached 
by using constant potential on a tube of somewhat special but never- 
theless simple construction. However, it does not seem warranted at 
this time to introduce the further complication of a standard source 
of X rays. 

To show the deviation introduced by the wall effect comparisons 
were made against the standard chamber as indicated in Figures 
9 and 10. The Glasser chamber is made of graphite while the Fried- 





#1 Otto Glasser and U. V. Portmann. (See footnote 9.) 
2H. Behnken. (See footnotes 10 and 12.) 

#2 H. Fricke and O. Glasser, Am. J. Roent., 18, p. 462; 1925. 
* H. Behnken, Strahlentherapie, 29, p, 192; 1928, 
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rich chamber is horn coated with graphite, these being representative 
of all of the small chambers available. They were each used with 
the same electroscope—a modification of the Lutz-Edelman, con- 
structed at the Bureau of Standards. Readings were taken alter- 
nately with those of the standard chamber, the X-ray tube being 
shifted from one system to the other between readings. 

Observations may be made in two ways, depending upon the kind 
of X-ray equipment and the control available. The first method 
is to maintain a given filter in the beam and vary the voltage, and 
the second is to maintain the voltage constant and change the filter. 
In both cases the ionization readings of the two chambers are 
compared. 

Figure 9 shows 2 copper absorption curves made with the standard 
and the Glasser chambers, respectively, at a tube potential of about 
160 kv. On the same chart is shown the ratio J,/Z, obtained from 
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Figure 10.—Dependence of measured ionization in a thimble chamber as a 
function of voltage applied to X-ray tube 


the curves J, and J;. It is seen that this ratio varies from about 
19.5 to 23.7, or about 9.5 per cent from the mean. If we could 
know that at any point the ratio was correct then a simple correction 
for the remaining points could be made. Practically, however, 
this is impossible. Again, for the same chamber the filter was 
fixed at 0.6 mm copper and the voltage varied over a wide range. 
Figure 10 gives the corresponding J, and J, curves and again the 
ratio I,/I,. In this case the ratio varies from 17 to 21, or about 
10 per cent from a mean value. As would be expected in both 
cases the greatest variation occurs at low voltages and small filtra- 
tion, under which conditions there is a large amount of soft radiation 
in the beam. It should be pointed out that in the J,/J, curves 
there may be an error of 2 or 3 per cent, since the ratio 1s obtained 
irom two sets of experimental data each having a small error, and 
since there may also be some error in plotting and reading the 
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curves. The importance of the curves lies in showing the complete 
lack of parallelism in the ionization as measured by the two methods, 

In order to obtain some idea of the relation between the measured 
ionization in two different thimble chambers Figure 10 also shows a 
curve of J;,/J for a Friedrich chamber under identical conditions as 
for the Glasser chamber. It will only be pointed out that the form of 
the J;/J, curve is quite different, as might be expected from the dif- 
ferences in construction between the two chambers. 

The most important result of the investigation has been to show the 
inadequacy of the thimble ionization chamber as a medium through 
which to compare the fundamental standards in various laboratories. 
An alternative method has been under investigation for several 
months and will be described in detail at an early date. 


VII. SUMMARY 


As indicated in the body of the paper there are five factors which 
must be taken into consideration when calibrating a ‘‘Fingerhut”’ or 
thimble ionization chamber against an accepted form of standard air 
ionization chamber. A summary of the possible errors follows: 

1. That due to variable energy distribution across the standard 
X-ray beam. In general, a standard beam will have but a narrow 
region in its center where the intensity is nearly uniform. Improper 
placement of the thimble chamber in this beam tends to make the 
thimble chamber indicate too low X-ray intensity. 

2. When the uniform area of the X-ray beam is too small to entirely 
cover the thimble chamber too low X-ray intensity will, in general, be 
indicated by the ionization measured in the chamber. 

3. Less than saturation voltage on the thimble chamber will also 
indicate too low intensity. (Saturation is usually assured in medical 
dosage meters, but not always in the case of standardization dosage 
meters. ) 

4. Improper application of the inverse square law applied in stand- 
ardizing the thimble chamber will, in general, produce an error in the 
direction of measuring too low X-ray intensity. 

5. The “wall effect” in any but the ‘Fricke-Glasser air wall 
chamber” may produce an error in either direction, depending upon 
the particular chamber used. In general, this effect is so pronounced 
that an accurate calibration is obtainable only under identical con- 
ditions regarding filtration, tube potential, and wave form of the 
generating equipment. 

Some of these factors are of little importance when calibrating a 
dosage meter which is to be used only for medical purposes. However, 
if such a dosage meter is to be used for standardizing purposes or 
for comparing different standards, each factor must be carefully 
considered. 


WASHINGTON, June 30, 1929. 
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AN APPARATUS AND METHOD FOR DETERMINING THE 
COMPRESSIBILITY OF A GAS AND THE CORRECTION 
FOR “SUPERCOMPRESSIBILITY ” 


By Howard S. Bean 


ABSTRACT 


Boyle’s law for gases states that the density is directly proportional to the 
absolute static pressures. All gases depart from this law to some extent, and 
this is especially true of the industrial fuel gases known as natural gas, for which 
the departure may be as much as 7 or 8 per cent for a pressure range of 1 to 
40 atmospheres. When these gases are metered at pressures of over 5 or 6 
atmospheres this departure from Boyle’s law becomes important, and a eorrec- 
tion must be made to the meter indieations by the introduction of a term called 
the “‘supercompressibility factor.” 

In the experimental procedure for determining this factor a sample of gas is 
collected at high pressure in a steel cylinder of known capacity. Successive 
small portions of this sample are withdrawn into a burette where their volumes 
at atmospheric pressure are determined. This is continued until the whole 
sample has been reduced to atmospheric pressure. The sum of all these volumes 
at atmospheric pressure is then compared with the volume to which the initial 
sample of gas would have expanded if it had followed Boyle’s law as the pressure 
was reduced to atmospheric. 

The derivation of the equation used in computing the factor from the observa- 
tional data is given, and the steps to be taken in applying this equation are 
enumerated. Experience has indicated that the factors thus determined will be 
correct within +0.002. 

Based on the experience gained with the use of the apparatus described several 
factors of special interest are discussed. Other methods of determining the 
supercompressibility factor are also mentioned. 
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’, Method of computing the supercompressibility factor 
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. Precautions to be observed in the use of the constant tem- 
perature bath 
. Effects of moisture in connections_--_..----------- eh ao eae 
. Comparison of this and other methods of determining the 
supercompressibility factor 
. Additional notes on the operation and construction of the 
apparatus 


I. INTRODUCTION 


When an orifice or a Venturi tube is employed as a meter for 
determining the rate of flow of a fluid along a pipe line, the primary 
quantity to be observed is the pressure drop or differential set up at 
the meter; but this differential depends on the density of the fluid as 
well as on the rate of flow, and in order to translate the observed 
differentials into rates of flow and interpret the readings of the meter, 


645 





646 Bureau of Siandards Journal of Research [Vol.j 


the density must be taken into account. With liquids, this is 
simple matter; for the density of a liquid is so little affected by any 

ordinary changes of pressure and temperature that it may, in practice, 
be treated as a constant and determined, once for all, at any convenient 
pressure and temperature. But if the fluid in question is a gas, its 
density varies with the temperature and static pressure in the pipe 
line, and the interpretation of the readings of the differential becomes 
more complicated. 

It would be advantageous to have a gas densimeter or gravitometer 
that could be attached directly to the line, or inserted in it and read 
from outside; but in the absence of such an instrument, it is necessary 
to observe the temperature and static pressure of the gas, simul- 
taneously with the differential, so that the density in the pipe may be 
computed from the density measured near atmospheric pressure by 
means of a specific gravity balance or by some equivalent method. 

In many instances, it is sufficiently accurate for commercial orifice 
meter practice to make the computation by using the ideal gas equation 

P 

or. R (1) 
in which p is the density of the gas at the absolute static pressure P 
and the absolute temperature 7; and PF is the so-called gas constant 
for the given gas, the numerical value of R depending on the units by 
which p, P, and 7 are measured. 

If the density has been found by experiment to be p, at atmospheric 
pressure P, and at the temperature 7,, the density p at any other pres- 
sure P and temperature 7’ may be found from the equation 

eft, 

ts Pet 
which follows from equation (1); je if the change of pressure takes 
place at constant temperature so that T= T,, this reduces to 

P 

ae (3) 

Po P, 
so that the computation of p from p, isaverysimple matter. Equation 
(3) is merely a statement of Boyle’s law, from which our ordinary 
ideas on the compressibility of gases are derived. 

But in reality, no gas follows equation (1) exactly, and the foregoing 
method is not always adequate to the constantly increasing demands 
for accuracy in commercial measurements. Different gases depart 
from Boyle’s law by different amounts, and both the amount and the 
direction of the departure depend on the temperature. With most 
gases, at ordinary temperatures, the density increases with rising 
pressure somewhat faster than is indicated by equation (3) or, in other 
words, the gas 1s more compressible than if it followed Boyle’s law 
exactly; and this behavior may be represented by writing equation 
(3) in the modified form 


(2) 


p QP 
— = yy 4 
ts UP, (4) 


in which y is a numerical factor slightly greater than 1.00.! 





1 This statement is true when restricted to most natural gases at the temperatures and pressures ordinarily 
encountered in commercial work. From a general standpoint there are many exceptions to it, one being 
that for almost all gases the direction of the departure from Boyle’s law will be the reverse of that stated 
and the value of y will be less than 1.00 at sufficiently high tenperatures or under very high pressures. 
Another exception is that for some gases, notably hydrogen ‘and helium at ordinary temperature, the value 
of y is less than 1. 
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Bean) Correction for Supercompressibility 


This excess of compressibility over what is indicated by Boyle’s 
law may be called the ‘‘supercompressibility,” and the quantity y will 
be designated as the ‘“‘supercompressibility factor.” 

For air at 60° F., the value of y at the absolute pressure P= 600 
lbs./in.? is about 1.014. Hence, even at so high a pressure as this, the 
computation of the density by means of Boyle’s law would involve an 
error of only 1.4 per cent. And since the orifice meter equations, 
which need not be discussed here,? contain only the square root of the 
density, the resulting error in the rate of flow deduced from orifice 
meter readings would be only about 0.7 per cent, an amount which 
would be negligible in many cases. 

With most natural gases, however, the departures from Boyle’s 
law are much greater than with air, and the use of equation (3) with- 
out including the correction factor y may result in serious errors, if 
the gas is metered at high pressure. For example, in the case of a 
natural gas for which experimental data will be given later (Table 1), 
the value of the supercompressibility factor, at 32° F. and 210 
lbs./in.? absolute pressure, was found to be nearly 1.04, and hence the 
density was nearly 4 per cent greater than that computed from the 
density at atmospheric pressure by means of Boyle’s law. At 600 
lbs./in.? the error would probably have been nearly three times as 
great. 

So long as the pressures at which gases were metered were com- 
paratively low, such as 75 lbs./in.” absolute, or less, errors of the sort 
now in question were seldom or never of any commercial importance; 
but the increasing tendency to raise the pressures on transmission 
lines has necessarily led to the use of orifice meters at higher pressures, 
and instances have been reported of measurements at pressures be- 
tween 700 and 1,000 lbs./in.?.. This rise in the working pressures, 
coupled with the increasing demand for more accurate metering, has 
made supercompressibility a subject of considerable commercial 
importance. 

For several years the Bureau of Standards has been cooperating 
in researches on orifice meters conducted by the committee on gas 
measurement of the natural gas department of the American Gas 
Association. The experiments have been made with natural gas from 
several fields, and when it was decided to carry on experiments at pipe- 
line pressures of 200 lbs./in.? and over, it, became necessary to prepare 
apparatus for determining the supercompressibility factors which 
would be needed in reducing the observations on the various gases. 
A description of the apparatus made for this purpose, the mode of 
operation, and a method of computing the supercompressibility factor 
from the data obtained are herein presented. 

The general outline of the experimental method, which is a classical 
one, was suggested to the writer as suitable to the purpose in hand by 
Dr. Edgar Buckingham, who also made some useful suggestions regard- 
ing methods of computation. . Acknowledgement is likewise due to 
J. R. Fay for assistance in the preparation of the apparatus. 

Before going into details it may be stated that the principle of the 
method is, briefly, as follows: After a sample of the gas has been 
collected at high pressure in a steel cylinder of known capacity, 
successive small portions of the sample are withdrawn into a glass 





* See Secs. X, XI, and XXVI of B. S. Research Paper No. 49, Discharge Coeffictents*of Square-Edged 
Orifices for Measuring the Flow of Air, 
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burette where their volumes can be determined at atmospheric pres- 
sure. This is continued until the whole sample has been reduced to 
atmospheric pressure, and the sum of all the volumes at atmospheric 
pressure is then compared with the volume to which the initial known 
volume of gas would have expanded if it had been reduced to atmos- 
pheric pressure in accordance with Boyle’s law. 


II. DESCRIPTION OF THE APPARATUS 


The principal parts of the apparatus and the manner in which 
they are connected are shown schematically in Figure 1, while Figures 
2 (a) to (d) show the apparatus in detail. The list of parts indicates 
very briefly the purpose or function of each of the separate parts, 
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Figure 1.—Outline of the essential features of the apparatus used to determine 
the supercompressibility factor of a gas 














but it is advisable to discuss some of them more fully and to point 
out certain desirable qualities they should possess. 


1. LIST OF PARTS 
Symbol Name and description or function 


Gas cylinder for holding gas sample. 

Measuring burette or chamber. 

Mercury reservoir. 

Mercury-oil (or oil) seal. 

Manometer tube. 

Manometer scale. 

Manometer reading slide. 

Agitator tube. 

Trap for spilled mercury. 

Piston gauge. 

Needle valve, gas cylinder outlet. 

Needle valve for admitting gas to B. 

3-way glass cock. 

%-inch needle valve for admitting pressure to C. 
\%-inch needle valve atmospheric relief for C. 
Valve for regulating gas (or air) flow to H. 
Needle valve for filling A, %-inch. 

Needle valve for releasing air bubbles from D. 
Needle valve for protecting J. 

Needle valve (all steel) used in filling D with mercury. 
Extension for operating valve /. 

Extension for operating cock 38. 

Etched line about lower neck of B. 

Etched line about middle of glass tube portion of D. 
Extension rod for moving G. 

Guide rod on which G slides. 

Windows in box sides. 
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The cylinder A (fig. 1) need not be very large—the capacity of the 
one used was about 36 cubic inches. It should be strong enough to 
withstand any pressure at which a test is to be started, without 
expanding appreciably. While not essential, it is convenient to have 
the cylinder provided with two valves to facilitate purging and filling. 
The capacity of the cylinder, with valve 7 (fig. 2 (a)) closed, to the 
outlet connection of valve 1 must be determined to an accuracy of 
about 1 part in 2,000. 

The burette, B, should be of strong and fairly heavy glass. In the 
upper stem is the 3-way cock, 3, by means of which the burette may 
be opened to the atmosphere for purging, or to the tube for connecting 
it with A. About the lower neck, a short distance below the body of 
the burette, is an etched line, 13. The capacity of the burette, between 
the 3-way cock as the upper limit and the etched line as the lower 
limit, must be determined to an accuracy of 1 in 2,000 or better. (The 
passages in the plug of the 3-way cock are not included in this volume.) 

In order to determine the pressures with a satisfactory degree of 
accuracy, it is necessary to use a dead-weight piston gauge J. (Fig. 
1.) This, of course, will require that there be at hand the necessary 
small weights for reading pressures to 0.1 lbs./in.*.. The use of the 
piston gauge makes it necessary to have the trap D between it and 
the gas cylinder A. This trap is essentially a special manometer 
about 15 inches high, most of it being built up of suitable small pipe 
fittings, but the upper 5 or 6 inches of the leg to which A is attached 
consists of a heavy gauge glass tube, thoroughly annealed and with 
each end set into a special pipe coupling with Khotinsky cement. 
Around the center of the glass tube is an etched line (14). The upper 
end of the other leg of the trap is provided with two valves, one on 
either side of the tee to which J is connected. The length of this leg 
is such that the offset of the tee is slightly below the level of the etched 
line (14). 

Small bore (% inch outside diameter) copper tubing is used to con- 
nect the trap with A, and enough bends are made in the trap end to 
guard against putting an excessive strain on the glass. There is a 
tee in the tube near the cylinder end, and the needle valve 2 is con- 
nected to one branch of this tee. The outlet of this valve is connected 
to the burette B by as short a tube as possible. The capacity of the 
tubing between valves / and 2 and the etched line /4 must be deter- 
mined to the same absolute accuracy as the other volumes. 

The manometer tube F is the elongated offset of a tee. The run 
of the tee forms a part of the line which joins the lower neck of B with 
the reservoir C. It is desirable to have the tube E long enough to 
extend even with or above the top of the atmospheric outlet from the 
3-way cock 3. 

The scale F, which is attached to or fastened beside the tube £, 
should be about 10 inches long with the zero near the center and the 
graduations numbered both ways. In the apparatus now being 
described, this scale is of glass with etched graduations and figures, 
and the smallest division of the scale is %o-inch. 

The reservoir C should have a capacity about one-tenth larger than 
that of B. The relative elevations of B and C should be such that the 
etched line 13, on the lower neck of B is level with or higher than the 
opening into the upper neck of C. This upper neck of Cis connected to 
the valves 4 and 6. Through 4 gas or air under pressure may be ad- 
mitted to C for forcing the mercury over into B while 6 is a relief valve. 
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Ill. ADJUSTMENTS 


After the apparatus has been assembled it is necessary to make a 
few adjustments before it is ready for use. The first is to adjust the 
quantity of sealing fluid in the trap D. This is very easy if only oil 
is to be used in the trap, as it is only necessary to pump in oil from the 
piston gauge until it stands about one-half inch above the etched 
line 14. Air bubbles may be released through valve 8. When 
mercury is used with oil, this adjustment is not so easy. Mercury 
is introduced into the trap through the all-steel needle valve 10 



























































Section a-a 
d 


Figure 2.—Apparatus used to determine the supercompressibility factor of 
a gas 


a, Plan view; 6, elevation of right end showing assembly of the mercury-oil seal; c, front eleva- 
tion with side of tank removed; d, elevation of section a-a. 


(Fig. 2 (a).) Enough mercury is used to fill the geuge glass side to 
one-half inch above the etched line 1/4, and to extend about 3 inches 
up the other leg. The rest of the trap and the tube to the piston 
gauge is filled with oil. The procedure used to do this is to fill both 
legs of the trap with mercury to a height of about 3 inches. Then 
after filling the piston gauge side with oil, valve 9 is closed and the 
quantity of mercury needed to complete the filling of the gauge glass 
side is introduced through valve 10. It is necessary to get out all the 
air bubbles from the oil in the trap and tubing to the piston gauge. 
The use of mercury in one leg of the trap introduces an unbalanced 
pressure on the piston gauge. It would be possible to have this 
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column of mercury just balance the weight of the piston; but in the 
particular apparatus being described a steel disk had been attached 
to the plunger as a part of an arrangement to keep the plunger from 
being blown from the oil cylinder, and to balance this added weight 
on the plunger would have required an undesirably long trap. In 
such a case as the present one it is necessary to calibrate the combined 
mercury-oil-piston gauge system, and this is done by applying air or 
vas under pressure to the mercury side of the trap until the plunger, 
with all weights removed, begins to rise and the surface of the mercury 
to fall. When the top of the mercury is in the plane of the etched 
line 14 the amount of pressure being applied is read on a mercury 
manometer temporarily connected ahead of the trap. On account 
of the effects of friction and viscosity upon the plunger, it is best to 
heve the pressure increasing or decreasing very slowly and to read the 
auxiliary manometer quickly as the surface of the mercury in the 
trap creeps past the etched line. The value used is then the average 
obtained with falling and rising pressures. 

The next adjustment to be made is that of the position of the scale 
F, beside the manometer tube E. To do this the cock 3 and the valve 
5 are opened so that both B and C as well as £ are open to the atmos- 
phere. Mercury is then poured into the system until C is full and 
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FiGurE 3.—Successive positions of the core of the 3-way cock, 3 


the surface of the mercury in the lower neck of B is exactly in the 
plane of the etched line 13. The scale is then moved up or down 
until its zero is exactly level with the surface of the mercury in £, 
and is finally fastened in that position. After completing this 
adjustment, enough mercury is removed from the system so that 
the surface of the mercury in the lower neck of B will be one-fourth 
to three-eighths inch below the etched line 13. This is done so that 
the mercury may not foul the inner surface of the lower neck of B 
right at the etched line, by standing there when the apparatus is not 
in use. 


IV. EXPERIMENTAL PROCEDURE FOR MAKING A TEST 


_ When the foregoing adjustments have been made, the apparatus 
is ready for use. The cylinder A is charged with the gas to be tested, 
put in place, and connected to the tube from D and 2. The tank in 
which the apparatus is mounted is filled with water and the water 
stirred to msure a uniform temperature. To purge the tubing, 
cock 3 is turned so as to open the line from valve 2 to the atmos- 
phere, as shown by position (a) of Figure 3. With valves 2 and 9 
closed, valve 1 is cracked so that the pressure within the tubing 
becomes equal or nearly equal to that in A. After closing valve J, 
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valve 2 is opened until the excess pressure in the tubing is dissipated 
and then closed again, and cock 3 is closed by turning it to position 
(b) of Figure 3. A second purging is not usually necessary. Valve 
1 is again cracked so that the pressure within the tubing will slowly 
build up to the full pressure within A, after which valve / is opened a 
full turn or more. Weights are now placed upon the piston gauge, 
and as valve 9 is opened these are adjusted so that with the plunger 
floating freely, the top of the fluid in the trap is in the plane of the 
etched line 74. The weights on the piston gauge are noted and recorded 
Next, the cock 3 is turned so as to open B to the air while closing 
the tube to valve 2 (position (c) fig. 3) and, with valve 6 closed, 
valve 4 is cracked so as to admit air or gas under a low pressure 
(10 to 20 lbs./in.?) into C, thus forcing mercury from C into B. Just 
as the mercury in B reaches the edge of the 3-way cock, valve 4 is 
closed and cock 3 is turned so as to connect B to the line from valve 2. 
(Position (d) fig. 3.) As valve 5 is opened slowly, valve 2 is cracked 
thus letting gas from A into B as the mercury flows back into (C. 
As the surface of the mercury in B enters the lower neck, valve 2 is 
nearly closed, and it is closed tight when the surface of the mercury 
has fallen just below the etched line 13. Cock 3 is next turned so as 
to close all entrances. (Position (e) fig. 3.) By closing valve 5 
and cracking valve 4, the surface of the mercury is brought back 
just to the plane of the etched line, 73, and the pressure of the gas 
in Bis then obtained by reading on J the position of the mercury in £. 

This completes one cycle of operations and we proceed with another 
by readjusting the weights on the piston gauge to balance the new 
pressure in A. B is again filled with mercury and the operation 
continued, as just described. This cycle of operations is repeated 
until the gauge pressure of the gas in A has been reduced to zero or 
nearly zero. After the last filling of B with gas, valve 2 and cock 3 
are left open so that A and B are in free communication. The 
surface of the mercury in the trap D is brought to the plane of the 
etched line 14 by manipulation of the oil pump on the piston gauge. 
The pressure in B is now determined as before and this is also the 
pressure of the gas finally remaining in A. 

This final gauge pressure must be low enough to be measured on 
the short manometer / which, in the present apparatus, had a range 
of about +5 inches of mercury, or somewhat less than + 2.5 lbs./in.’, 
and to insure this result it may be necessary to adjust the length of 
the last few steps in the process. When the gauge pressure in A has 
fallen to about 100 lbs./in.? it is divided by the average fall of pressure 
during the three or four immediately preceding cycles. If the 
quotient is very nearly a whole number, it is evident that this whole 
number of additional cycles, similar to those immediately preceding, 
will reduce the gauge pressure so nearly to zero that it will be within 
the range of the manometer EH. In this case no change from the pre- 
vious rate of withdrawal of gas from A is required. Otherwise, the 
rate of withdrawal for the remaining cycles must be increased or 
decreased sufficiently that a whole number of cycles will leave the 
final residual pressure within the range of the manometer E. 

Whether such an adjustment may be needed and, if so, where it 
should be started, depends on the relative volumes of A and B and 
on the range of EZ, so that no general numerical directions are possible, 
but the practical working of the process is illustrated by the figures 
in the third and fourth columns of Table 1. 
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y. METHOD OF COMPUTING THE SUPERCOMPRESSIBILITY 
FACTOR 


In developing the equations needed for the computations, the 
following notation and definitions will be employed. 


1. CONSTANTS OF THE APPARATUS 


)’,=the volume of the cylinder A and the adjacent tubing, out to the 
valve 2 and the etched mark 1/4. 

V,=the volume of the burette, from the mark 13 to the plug of cock 
3 when closed. 

Only the ratio of these volumes appears in the final equa- 
tion, so that their values may be expressed in terms of 
any convenient unit. 

K (bs./in.”) = the trap constant. 

It is the gas pressure that must be applied at the top of the trap in 
order to force the mercury surface down to the mark /4 when 
the piston of the gauge is floating freely with all the weights 
removed. It is measured, once for all, on an auxiliary mercury 
column, as described above under the heading ‘‘Adjustments,”’ 
and then expressed in lbs./in.. 


2. OBSERVED QUANTITIES 


W (bs./in.?) =the pressure due to the weights on the piston gauge. 
It is the total added weight in pounds divided by the cross sec- 
tion of the piston in square inches. For convenience, each of 
the movable weights should be marked with its equivalent in 
terms of pressure, so that the value of W may be read directly. 
B (inches Hg) =the barometer reading, corrected to 32° F. 
p, (inches Hg) =the reading of the manometer E. 

For the highest possible accuracy, p, should also 
be corrected to 32° F., but in most cases that 
would be a useless refinement. 

t (° F.)=the temperature of the water bath. 

It is assumed that ¢ remains sensibly constant throughout 
the complete set of measurements on any one sample of 
gas collected in A. Before starting the observations, 
time must be allowed for the newly introduced sample 
to come to the temperature of the bath. 

n=the number of cycles of operations in the whole set of measure- 
ments on the sample. 


3. DEDUCED QUANTITIES 


5, (lbs./in.”) = the baro ‘1c pressure expressed in pounds per square 
5, (lbs./in.?) = the barometric pressure expressed in nds per sq 
inch. 
The reduction is made by means of the relation 


1 (inch Hg 32° F.) =0.4912 (lbs./in.’) (5) 
P, (lbs./in.?) = the absolute pressure in the cylinder A and the adjoin- 
ing tubing as far as the valve 2 and the mark 1/4, when 


the valve / is open. 


Po=W+K+B, (6) 
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P, (lbs./in.?) = the absolute pressure in the burette. 
P,=0.4912 (B+ pp) 


= the volume that would be occupied by the mass of gas which fills 
the cylinder and tubing at the pressure P,, if it were allowed 
to expand to atmospheric pressure. 
y = the supercompressibility factor. 

y is defined as the ratio of the actual density at P, to the “theo- 
retical” density computed from the density at atmospheric 
pressure, on the assumption of Boyle’s law. 

if m denotes the initial mass of gas contained in the volume V,, at 
the pressure P,, we have the relation 


actual density at P.=7 (8) 


a 


When expanded to the volume V, which it occupies at the pressure 
B., the gas has the density m/V,; and if it were then recompressed to 
4, its density computed from Boyle’s law would be 


iateee (9) 


theoretical density at P, V~.*B. 


Hence we have, from the definition of y, 


m m »Pa\_V.B, 
Y"V-\V,*B,)“V.P. (10) 


in which V,, P,, and B, are known, and it remains to find the value 
of V, 

Let subscript k be used to specify quantities referring to the kth 
cycle of operations: k may have any value from 1 to n, inclusive. 

At the start of the kth cycle the pressure in the cylinder and tubing 
is (P,),. The gas withdrawn into the burette fills the volume V, 
at the absolute pressure (P,),; and if its pressure were changed to 
B,, its volume would be 

(P >) 


r=V>- B, (11) 


for P, is always so nearly equal to the outside barometric pressure B, 
that the departure from Boyle’s law over this small range of pressure is 
entirely negligible. 

Starting ‘with the kth cycle and proceeding through the nth and 
last, the combined volume, at the pressure B,, of all “the portions of 
gas withdrawn into the burette is 


V 
hid. eee ton=p [(Po)et (Po) ast Seth Ape cones. Op (P») nl 


P, (12) 
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At the end of the nth cycle, the cylinder and tubing remain filled 
with gas at the final pressure (P»),, and if this residual gas were also 
brought to the pressure B,, its volume would be 


way > g (Po) n 
v,=) “_ (13) 


All the gas is now accounted for and we have 
(Vs) e=Uet0nuit SS es oe +0at (14) 


or by equations (12) and (13) 


, 1 k o 
(Vi)a- Bl Ve BP ot Ve (Poda| 


and upon substituting this value in equation (10) we have 


V k 
Y= (P.) py. zPot Ps), (16) 


as our final equation for computing the value of the supercompressi- 
bility factor at the pressure (P,),. 

As already remarked, the volumes V, and V, appear only as a 
ratio, and it may be noted that the pressures also occur in both 
numerator and denominator of equation (16). Hence, they might 
equally well have been expressed in inches of mercury instead of 
pounds per square inch, the only requirement being that P, and the 
P,’s shall be expressed in terms of the same unit. 

The trap constant K and the volume ratio (V,/V,) having been 
determined once for. all, the computation of y from the observed data 
by means of equation (16) may conveniently be carried out in the 
following steps. 

1. For each cycle of operations, compute the values of P, and P, 
(equations (5), (6), and (7)). 

2. Starting with the nth or last value of P», add to it the (n—1)th 
value of P,; add to this sum the (n—2)th value, and so on, thus finding 


k 
thesuccessive values of 5) P, for all the cycles, from the last to the first. 


n 

3. Multiply each of these sums by the volume ratio (V,/V,) and to 
this product add the nth value of P». 

4. Divide each of the quantities thus obtained by the corresponding 
value of P,. The quotient is the required value of y. 

A sample set of observed and computed values is given in Table 1. 
If the values of y are plotted against those of P,, and if a mean curve 
is drawn through the resulting band of points, it appears that values 
of y read from the curve will nowhere be in error by more than 0.002, 
if the volume ratio was accurately determined. The value of Vy 
needed in orifice meter computations will therefore be correct within 1 
part in 1,000 and we may conclude that experiments of the sort from 
which the data in Table 1 were obtained are amply precise for ordinary 
commercial purposes, 
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TABLE 1.—Compressibility test data 


Sample collected at Daly station. Test No. XX. 
Date of collection, August 1, 1928. Date of test, August 1, 1928, 
Pressure when collected, 210-pound gauge. Test made by, H. S. B. 


Barometer: Room temperature: 
At start, 29.42 at 72° F. 69.8° F. 
At end, 29.44 at 73° F. 78° F. 

Barometer corrected to 32° F.: Trap constant, K=+-9.66 lbs./in.? 
B=29.31 inches. Volume ratio, Vs/Ve=0.8672, 
B,=14.40 lbs./in.? 





Observed values } Computed values 





| 
Dethten! | Vit 


k Vik 
(cycle No.) | perature Vi zPo } 





| 


| Lbs./in.2 | Inches, Hg| Lbs.i 


n,2 | Lbs./in.? 
| 186. 2 —0. 56 14. 12 | . Of 210. 26 
| 174. 6 +. 67 73 | . 2 198. 66 
162. —.32 . 24 | 4 186. 86 


151. 2 . 52 4. | . § 0 175. 26 





139. 8 41 ‘ " > 163. 86 
128. . 26 .27 6 40. 56. 3 152, 26 
116. . 30 | .a .t 27.77 43. 04 140. 5¢ 
104. . 26 | . , Ai 128. 76 


93. - 05 . 37 , ; 117. 06 
80. .32 . 24 . 90. se, 104. 76 
69. . 22 4, 2 . 2 78. 2 ; 93. 06 
. 94 . 86 . 5. 32. . 96 


16 .97 1. q 9. . 46 
.10 . 46. af . 14 55. 76 
.18 4.98 3. 18 2. 96 
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Figure 4.—The effects of temperature upon the supercompressibility correc- 
tion factor 
A large gas cylinder was filled with gas to a pressure of about 1,000 pounds, and samples of gas 


were drawn from this cylinder when filling the sample cylinder, A. Analysis of this gas 
showed it was 98.7 per cent methane, 
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VI. SUPPLEMENTARY NOTES 


1. VOLUME OF TUBE BETWEEN VALVE 2 AND COCK 3 


It may have been noted that the small volume of the tubing between 
valve 2 and cock 3 which, for convenience, we will designate by uw, 
has been omitted from all calculations. It will now be shown that 
this omission has introduced no appreciable error. Before the burette 
is filled with gas the first time, the tubing has been purged and the 
section wu remains full of gas at sensibly atmospheric pressure. When- 
ever the burette is being purged of gas, w will always remain full of 
vas, regardless of whether cock 3 is turned so as to entrap the gas 
therein or not. (It is better practice to turn 3 so as to close off the 
tube from valve 2; then even if 2 should leak a little the gas will not 
escape unmeasured. ) 

Now, the actual quantity or mass of gas entrapped within uw during 
each purging of B will depend upon the pressure in B at the time cock 3 
is turned to close off wu. But this pressure will usually be very nearly 
atmospheric if the experimental work is done with reasonable care. 
Hence, the successive masses of gas within uw will be sensibly equal, 
and if they were exactly equal it would be unnecessary to consider 
them at all. This applies to all fillings of B from 1 to (n—1), in- 
clusive. 

After the last or nth filling of B, all valves between A and B are left 
open. If at this time it should happen that P, were just equal to B,, 
this last mass of gas in uw would be equal to the mass of gas in wu just 
prior to the first filling of B. Obviously, in this case no correction 
would be needed. 

In most cases P, will be either greater or less than B, and the last 
mass of gas in u will be correspondingly greater or less than the first. 
In these cases it is true that, in principle, a correction should be 
applied, and the amount of this correction could readily be deter- 
mined. But it is also evident that since this correction would be 
applied to only the last of the n masses of gas taken from A into B, 
the correction will have no sensible influence upon the results, if the 
volume of uw is small compared to that of B. (In the apparatus 
shown in fig. 2 the ratio of u to V, is less than 1:500.) 


2, RELATION BETWEEN VOLUMES OF CYLINDER AND BURETTE 


If the volumes of the cylinder and burette are made approximately 
equal, each filling of the burette will reduce the pressure in the cylinder 
by approximately 1 atmosphere, a conveniently simple relation. This, 
however, might require an undesirably large number of steps or cycles, 
and when the initial cylinder pressure is 300 pounds or over, it is 
desirable to have fewer steps than a 1 to 1 ratio of volumes would 
require. In such cases it would be convenient to have the cylinder and 
burette volumes in the ratio of 1 to 2 or 1 to 3. Such a relation of 
volumes would not lessen the accuracy and usefulness of the results, 
but would greatly shorten the time required to make the test. Ina 
commercial apparatus it might be convenient to have cylinders of two 
or more sizes, which would permit the use of the size most suitable to 
the pressure at which the sample was collected. 
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3. PRECAUTIONS TO BE OBSERVED IN THE USE OF THE CONSTan?T 
TEMPERATURE BATH 


With the present apparatus as shown in Figure 2, a water bath js 
used to maintain the gas and all parts of the apparatus, except the 
trap and piston gauge, at a constant temperature. This makes jj 
necessary to be very careful that no water enters any of the tubing or 
joints while operating the apparatus or when removing and replacing 
the cylinder. If water should get into the burette or tubing, it must 
be removed. In the case of water in the burette, it may be possible 
to remove most of it by removing the plug of the cock 3 and forcing 
the water out with the mercury. The final traces of moisture may 
best be removed by repeatedly filling the burette with warm air that 
has been passed through a dryer. 

One reason for maintaining the temperature constant is that the 
magnitude of the supercompressibility factor depends upon the tem- 
perature of the gas at which the test is made. In general, the lower 
the temperature the higher will be the value of this factor, as is illus- 
trated by Figure 4; but over a limited temperature range, for in- 
stance, from 50° to 70° F., the change in the value of this factor will 
probably be small for most industrial gases. The effects of such small 
variations in the factor upon the measurements of gas will probably 
be negligible from the standpoint of commercial metering, particularly 
in measurements by orifice meters where the value of y occurs in the 
computations only as the square root. 

A more important reason for using a water bath is that computa- 
tions by means of the equations given above are all based on the 
assumption that the temperature of the gas remains constant through- 
out each complete set of observations. If this condition is not satis- 


fied, the equations may be modified to take account of the changes of 
temperature; but the computations are then more complicated and 
it is better to keep the temperature as nearly constant as practicable. 
A variation of the order of 1° F., such as is shown in Table 1, may be 
disregarded. 


4. EFFECTS OF MOISTURE IN CONNECTIONS 


In the preceding section attention is called to the necessity of keep- 
ing the burette and tubing dry and free from all water and oil par- 
ticles. Since failure to do this may lead to very misleading results, it 
will be weil to consider this subject in more detail. 

At the start of a test the sample cylinder is filled with gas under a 
relatively high pressure. It may be saturated with water and oil 
vapors at that pressure and the bath temperature. As the gas is 
drawn out by successive fillings of the burette the gas pressure 
decreases and the gas in both burette and cylinder becomes relatively 
drier. If then this gas comes in contact with particles of water, 
some of this water will be picked up in the form of vapor. This 
acquired vapor will increase the total pressure of the gas in the 
burette over that which the gas alone would have, with the result 
that the value of y will be increased. 
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If the water particles are in the burette or the connections between 
the burette nett geok ms 2, the absorption of moisture may take place 
nearly uniformly throughout the test. The probable effect in this 
case would be to increase the slope of the y-P, curve more or less 
uniformly. However, this condition is not the most likely to occur. 
Firstly, it is seldom necessary to make any changes in the connections 
of this part of the system once it is put together. Secondly, the most 
likely place for water to enter would be about the plug of the 3-way 
cock and even if this should happen the presence of the water would 
be noticeable. 

In the particular apparatus here described the most probable place 
for water particles to lodge is in the tubing between valves / and 2, 
because the union joint near valve / was broken and made each time 
the cylinder was filled. During a test the gas pressure within this 
part of the tubing is the same as in the cylinder. If there is any 
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Figure 5.—The effects of water in the connections upon the supercompressi- 
bility correction factor 





The samples of gas used in these tests were from the same source as those from which the curves 
in Figure 4 were obtained 







water within this tubing, the amount that will be absorbed by a gram 
of gas will be extremely small at the higher pressures, but will increase 
rapidly as the gas pressure approaches atmospheric. This will cause 
the increments in y to be excessively large at the pressures close to 
atmospheric, as illustrated in the curves of Figure 5.° 








5. COMPARISON OF THIS AND OTHER METHODS OF DETERMINING 
THE SUPERCOMPRESSIBILITY FACTOR 










In the method just described the sample of gas which is used repre- 
sents the actual conditions of pressure and degree of saturation with 
water and oil vapors that existed in the line at the time the sample 
was collected. Also, by regulation of the bath water temperature 
the test can be made at the same temperature as that of the gas in 
the line. Since this temperature is maintained constant, while the 
pressure is steadily decreased, no condensation of any vapors mixed 
with the gas will take place. Furthermore, if the test is carefullly 




















§ After the particular tests were completed, from which the curves in fig. 5 were obtained, small drops of 
water were found in the tubing near valve /, 
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made, there will be no absorption of additional vapors by the gas, 
with the result that the y-P, curve obtained from the test represents 
the magnitude of the deviation from Boyle’s law within the degree of 
precision mentioned in a preceding section. 

In some instances which have been reported, a sample of the gas 
is collected in a large cylinder at the line pressure. The volume at 
atmospheric pressure is then obtained by metering the gas through a 
small laboratory wet gas meter, or by the displacement of water in an 
inverted bell. This method has been used in a few instances. How- 
ever, in at least one group of tests made by this method, of which a 
report has been published,‘ the curves obtained are similar to those 
of Figure 5. While this similarity suggests that the sharp rise in the 
y-P,, curve at low values of P, was due to the presence of water in 
some part of the apparatus with which those tests were made, it 
would be impossible to assign that as the real cause without knowing 
all of the conditions. 

Another method consists of starting with a small sample of the gas 
at atmospheric pressure and compressing it over mercury. The 
several pressures applied and the corresponding volumes are read by 
suitable instruments, and from the data thus ebtaineu the y-P, curve 
can be determined. Under suitable conditions a very high degree of 
accuracy may be obtained by this method, and it is well suited to 
laboratory work on pure, dry gases. However, this method is not 
suitable when an industrial gas, and particularly a natural gas, is to 
be studied, because these gases are always more or less saturated 
with water and oil vapors, particularly when at atmospheric pressure. 
As such a gas is compressed a part of these vapors is condensed with 
the result that the deviation from Boyle’s law will be exaggerated, 
and this exaggeration will be relatively more at the lower pressures. 
In the report ° on one group of tests made by this method the curves 
indicate that some condensation occurred as the gas was compressed, 
though possibly not enough to be readily observed. 

There is also an analytical method which has been tried and pos- 
sibly used in a few instances. With this method it is assumed that 
the supercompressibility factors for a gas mixture may be calculated 
on the basis of a chemical analysis of the mixture if we know the 
supercompressibility factors for all of the pure constituents. A 
chemical analysis of a gas sufficiently accurate for this purpose can 
usually be obtained fairly easily as most companies interested in this 
question have both the men and the equipment for making such 
tests. The supercompressibility factors for the pure gases may be 
obtained from tables in various reference books or may be calculated 
by one of the several equations of state.’ In a few instances in which 
comparisons have been made it was found that results given by this 
analytical method usually agreed fairly well with the results obtained 
by the method described in this paper. However, the use of this 
method is limited because there are few or no reliable data on several 
of the common constituents of natural gases. 





4 Corrections to Boyle’s Law for High-Pressure Gas, by D. E. Sileox, Mech. Eng., p. 897; November, 
1925. 
. 5 Deviation of Natural Gas from Boyle’s Law, by R. F. Earhart and S. S. Wyer, Trans. A. S. M. E., 
S, p. 285; 1916. 

6 The Compressibility of Natural Gas at High Pressures, by G. A. Burrell and I. W. Robertson, Bureau 
of Mines Tech. Paper No. 131. 

7 Relations Between Temperature Pressure and Density of Gases, Circular of the Bureau of Standards, 
No. 279, 
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6. ADDITIONAL NOTES ON THE OPERATION AND CONSTRUCTION 
OF THE APPARATUS 


Since the apparatus as described uses mercury, it is necessary that 
there be no parts or fittings, particularly in the mercury and gas 
leads, that the mercury will attack. This rules out brass fittings 
and soldered joints for most parts, although pure copper tubing may 
be used with but little danger of trouble. However, when the water 
bath is used, it is desirable to avoid the use of iron and steel parts 
unless they can be adequately protected against the action of water 
and air. 

For connecting the mercury reservoir with the manometer and 
burette, it is advisable to use a rubber tubing that will not foul the 
mercury. Such tubing is obtainable under the name of “‘nitrometer 
tubing.” 

Whenever changing the pressure to which the tubing and trap are 
subjected, care must be exercised to do it slowly, so as not to subject 
the glass portion of the trap to sudden pressure changes. 

The object of the glass portion of the trap is to enable one to see 
that the surface of the trap fluid is always at the same height when- 
ever the pressure is determined. Exact readings or settings are not 
required, as a variation of one-twentieth of an inch either way from 
the line have only a very slight effect on the results. It is therefore 
possible that in place of glass a tougher translucent material might 
be used (for example, so-called clear bakelite tubing). This would 
greatly reduce the chance of breakage and trouble with the trap. 

When charging cylinder A with a sample of gas it is advisable to 
pass the gas first through some form of dust trap. This will prevent 
dust particles from getting into the tubing and clogging the needle 
valves. However, the gas should not be passed through a dryer 
unless a sample of dried gas is desired for some special reason. 


WasHineton, November 21, 1929. 
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A NEW METHOD OF ANALYZING a-RAY PHOTOGRAPHS 
By L. F. Curtiss 


ABSTRACT 


A design for a double camera for photographing a-ray tracks is described. 
The two cameras permit mutually perpendicular views of the tracks to be taken 
while at the same time the two object planes coincide throughout. This makes 
it possible to photograph more tracks at a single exposure than would be possible 
if the object planes were, as usual, inclined at 90° to each other. The two 
cameras are rigidly connected so that a new method of analyzing the negatives 
may be used. This method consists in projecting the negatives back on the object 
plane and orienting a photographic plate so that a single full-size reproduction 
of the original track is obtained in the plane in which it originally occurred. 


Investigations of a-ray collisions with atomic nuclei by means of 
the Wilson cloud chamber require a method of photographing the 
tracks which will permit a determination of the angles between the 
paths of the various particles in whatever plane they may occur. 
The method most commonly used for this purpose is the arrangement 
described by Shimizu! which employs a system of mirrors so that 
two mutually perpendicular views of the tracks are registered by a 
single lens on the same portion of a cinematograph film. Blackett ? 
has published mathematical treatments of the problem of analyzing 
the photographs thus obtained to determine the actual angles and 
length of path. While this method at first sight seems to be economi- 
cal of film, which is an important point where many thousands of 
photographs are necessary, it is not really so. Since the two object 
planes are inclined 90° to each other, only a small region of the cloud 
chamber is in sharp focus for both views and, hence, only a few, not 
more than a dozen, tracks may be photographed at each exposure, 
and even then all portions of the tracks are rarely in good focus on 
both negatives. 

Blackett * has described a method of eliminating this difficulty. 
Two cameras with two separate lenses are required. The focal plane 
of one camera is superposed on that of the other so that the whole 
cross section of the chamber is sharply in focus in both views. It is 
then possible to photograph upwards of 50 tracks at each exposure 
and have all sharply focussed in both views. Thus, although twice 
as much film is used for a photograph, four or five times as many 
tracks are obtained—all in good focus. 

As Blackett has shown, there is a limit to the number of tracks 
which will be resolved in both views, which will reduce considerably 
the optimum number of tracks. However, for some purposes it 1s 





' Shimizu, T., Proc. Roy. Soc., 99, p. 425; 1921. 
? Blackett, P. M. S., Proc. Roy. Soc., 102, p. 294; 1922; 103, p. 62; 1923. 
* Blackett, P. M. S., Proc. Roy. Soc,, 128, p, 613; 1929, 
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ane meg to exceed considerably the optimum numbers which 
lackett gives and still obtain reasonably satisfactory results. 

The method of analysis developed by Blackett may still be used 
to determine the angles between the tracks, since the geometry of 
the system is not changed. However, there is a more simple and 
direct way of obtaining this information, for suggesting which I am 
indebted to Dr. A. v. Hippel, of the University of Jena. This paper FB 
describes a camera specially constructed to make use of this sugges. F 
tion, the details of which will become obvious from the description of 
the camera and its use. 

The optical system is illustrated by the diagram shown in Figure 
1. Each of the two cameras, C, and C;, has its own lens and film, 
The cameras are inclined 45° to the horizontal. This arrangement 
alone would still leave the object planes inclined 90° to each other, 
These planes may be tilted, however, until they are superposed by 
inclining the axis of the lens of each camera as shown so that the 
perpendicular to the axis (a, b;) (a2, b2) of each lens passes through 
the points of intersection, a, @, of a line through the center of the 
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Figure 1.—Optical system of double camera 


object plane, a, dz, and lines (a, f,) (ds, f2) through the centers of 
the image planes.‘ This involves a rectilinear distortion of the object 
in the images. As will be seen, this is automatically taken care of 
by the method of analyzing the photographs which is to be described. 

This method of analysis consists merely in replacing the developed 
negatives in the film holders of the camera in the exact position in f- 
which they were when the photographs were taken and projecting f - 
the two images back on to the original object plane. A thin, white, F- 
translucent screen is then adjusted and rotated until the two views J > 
coincide in all respects. We then have very accurately an exact 
reproduction geometrically of the original track in the plane in which f © 
it was originally formed. Thus this procedure in one operation (1) F 7 
locates the plane in which the track was formed, (2) corrects the recti- | ~ 
linear distortion in the photographic negative arising from tilting the 
axis of the lens with respect to the perpendicular to the negative, 
(3) enlarges the image to full size. Since the same lenses are used 
for projection and the negatives are in the position which they had 
when the exposure was made, many difficulties which might arise 
from unequal adjustment of the parts of the cameras are also elim- 
inated. It is now only necessary to replace the white screen by 
photographic plate to secure a permanent record of each track which 
then may be measured at leisure. This method of analysis also 





4 Glazebrook, Dict. of Applied Phys., 4, p. 400. 











(Vou, ; 
Thich 


used 
"y of 
and 
[ am 
aper 
a8 eS- 
Nn. of 


gure 
film, 
nent 
her, 
1 by 

the 
ugh 

the 








CASI PER i sal at 





B. S. Journal of Research, RP17! 











FIGURE ‘ 











Camera in position above expansion chamber 
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avoids difficulties which are encountered in the mathematical analysis 
when any of the angles are near 90°. 

In order to make use of this method the two cameras must be 
mounted on a single casting so that they may be removed from the 
expansion chamber when one wishes to use them for reproducing 
images of tracks. Figure 2 shows how this has been accomplished. 
A single aluminum casting, A, forms a support for the lenses and 
film holders of the two cameras, C; and C;, so that there can be no 
change of alignment. The casting is held down to the base of the 
expansion chamber, B, by screws which may be removed. The cam- 
eras may then be placed in a convenient position for projection. 
Figure 3 shows the camera fitted with lights for projecting negatives, 
and illustrates the adjustment of the screen. To facilitate replacing 
the negatives in the exact position which the film occupied when the 
exposure was made, the electromagnets M, and M, (fig. 2) are ar- 
ranged to push a needle point through the film at the instant of 
exposure. Since the guides fit the film snugly the film can be replaced 
by adjusting it until the needle point passes into the hole in the film 
made at the time of exposure. 

In Figure 3 the cameras are shown removed from the base of the 
expansion apparatus and equipped for projection of negatives. Two 
automobile headlight bulbs, fitted with condensing lenses, LZ, and Ly, 
are required for illuminating the negatives. These will fit readily 
into the camera when the film spools are removed as shown. The 
images of the negatives are thrown on the screen S, which is adjusted 
until a satisfactory position has been found. This is then replaced 
by a photographic plate and a permanent record of the track obtained. 

The adjustment of the position of the screen is very sensitive, even 
slight displacements causing some portion of the image to appear 
double. Repeated trials with model tracks have shown the method 
to be sufficiently accurate for the purpose. Figure 4 shows (a) an 
image obtained by projecting two photographs of a model track on 
a photographic plate and (6) the model track (drawn on white card- 
board) itself. In this case the plane of the fork was inclined about 
30° to the horizontal. The two are identical within ordinary limits 
of error. ‘Trials have also been made with model tracks made with 
silk thread placed in various positions with similar results. 


Wasuineton, December 21, 1929. 
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THE ARC SPECTRUM OF BROMINE AND ITS STRUCTURE 
By C. C. Kiess and T. L. deBruin 


ABSTRACT 


The type of spectrum emitted by a Geissler tube containing bromine was found 
to depend on the pressure of the gas within the tube and the intensity of the excit- 
ing discharge. A tube containing the gas at pressures ranging from 10 to 20 
mm Hg emits the are spectrum, characteristic of the neutral atom, when excited 
by the uncondensed discharge from a high-voltage transformer. The spectrum 
produced in this manner was photographed from the ultra-violet to beyond 
9300 A in the infra-red. More than 300 lines of Br I have been thus recorded 
and their wave lengths accurately determined. Sixty per cent of these lines, 
which include practically all the strong ones, together with those observed by 
Turner in the Schumann region, have been classified as combinations between 
terms of the doublet and quartet systems. The terms which have been estab- 
lished are, without exception, those required for Br I by Hund’s theory, and arise 
from adding s, p, and d electrons to the basic and metastable terms *P, !D, and 
1S of Br II. Eleven sets of series-forming terms have been found. From these 
the distance between ?P2, the basic term of Br I, and *P2, the basic term of Br II, 
has been calculated as 95,550 cm=, which gives an ionization potential of 11.80 
volts for the neutral bromine atom. 
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I. INTRODUCTION 


Although the spectra of the halogens have been made the object of 
many investigations, yet until recent years our knowledge of them has 
been more or less fragmentary, and only as the result of very recent 
researches has it been possible to partially characterize them according 
to the stage of ionization of the radiating atom. The chief cause for 
this deficiency is to be found in the chemical nature of the halogens 
themselves; for they vigorously attack and combine with the hot 
metal electrodes of the discharge tubes, so that most of the sources 
employed to study them in the elementary state are very short lived 
or unstable. Recently ' we described the structure of the are spec- 
trum of chlorine and the method used in observing it. We here 
present similar results for the arc spectrum of bromine. 

_To the list of 88 papers, dealing with the spectra of bromine and 
cited by Kayser in Volumes V and VII of the Handbuch, must be 
added the following, which have appeared since that work was issued 
in 1924: (1) A study of the spectrum in the Schumann region, by 
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Turner;? (2) an investigation of the fine structure of certain com. 
plex lines, by Hori;* (3) a description, by L. and E. Bloch,‘ of the 
arc and spark spectra of Br as emitted in the electrodeless discharge 
from 6728 A in the red to 2253 A in the violet; (4) an extension, by 
Vaudet,® of the work of the Blochs to include the region from 2246 A 
to 1302 A; (5) and finally, a brief list of ultra-violet wave lengths 
obtained by Siracusano ° in the electrodeless discharge. It should be 
mentioned here that the preliminary lists of Br spark lines published 
by the Blochs’ are included in their final lists referred to above. 

In addition to these papers, all of which contain new wave-length 
measurements of various portions of the bromine spectra, a few others 
have appeared which describe the effect on the wave lengths of varying 
conditions of excitation. Kimura * investigated the effects of varying 
the pressure of the gas within the discharge tube, and of the intensity 
of the discharge. On the basis of these studies he classified the visible 
bromine lines as of the arc and spark types, from which he was then 
able to determine the ionizing effect of a discharge at different points 
in its path through a bromine atmosphere.’ He also investigated " 
the fine structure of some of the complex lines and the Zeeman effects 
of both complex and single lines. In a more recent work Asagoe " 
has repeated Kimura’s study of the effect of increasing pressure and 
current density on the behavior of bromine lines, and, as a result, has 
been able to distinguish three classes of lines. These he has correctly 
interpreted as characteristic of the arc and spark spectra of bromine. 
Lines designated by him as of the arc type appear to be asymmetr- 
cally w idened when a strong discharge excites the gas at high pressure, 
causing an apparent red shift in the wave lengths. Very recently 
his study of the Stark effect '* of the halogens has shown that for lines 
of the are type of Cl, Br, and I, the displacements of the parallel and 
normal components are toward the red. He, therefore, attributes 
the asymmetrical broadening mentioned above to Stark effects 
evoked by the intra-atomic field of ions produced by the large current 
passing through the vapor. 


II. EXPERIMENTAL PROCEDURE 


The program of spectroscopic research in progress at the Bureau 
of Standards for more than 15 years has had as one of its objects the 
exploration of the hitherto unknown red and infra-red regions of the 
spectra of the different elements as far as present photographic 
methods will permit. Work on the spectrum of bromine was started 
in January, 1922, on receipt from Prof. J. M. Eder, of Vienna, 
of several Geissler tubes containing Br at pressures of 10, 20, 30, and 
45mm Hg. The experiments with these tubes revealed a spectrum 
extending at least to 8272 A. The lines, however, were not sharp, 
owing to the fact that with the transformer then available the tubes 
could be operated only with highly condensed aischarges. 





2 Phys. Rev., 27, p. 397; 1926. 

’ Mem. College Sci. Kyoto Imperial Univ., 9, p. 307; 1926. 
4 Ann. de Physique, 7, p. 205; 1927. 

5 Compt. rend., 185, p. 1272; 1927. 

6 Atti Accad. Lincei, VI, 7, p. 835; 1928. 

7 Compt. rend., 184, p. 193; 1927. 

8 Mem. College Sci. Kyoto Imperial Univ., 4, p. 127; 1920. 
* Mem. College Sci. Kyoto Imperial Univ., 4, p. 151; 1920. 
10 Mem. College Sci. Kyoto Imperial Univ., 4, p. 139; 1920. 
il Japanese J. Physics, 4, p. 85; 1927. 

2 Sci, Papers, Inst, Phys, Chem, Research (Japan), 11, p, 243; 1929, 
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When recently, however, new experiments on the spectrum of chlo- 
rine were initiated, the work on bromine also was resumed. The same 
type of tube as used for chlorine * was used in the experiments with 
bromine. The essential feature of this discharge tube is that it has 
attached to it a reservoir containing the gas at a pressure In excess 
of that required for the experiments. The pressure within the tube 
may, therefore, be adjusted from time to time to compensate for the 
loss of gas through combination with the hot metal of the Pt elec- 
trodes. As in the experiments with chlorine, it was found that the 
rate of combination of the bromine with the platinum electrodes 
decreased after the tube had been in operation for several hours. 
Finally a stage approaching saturation was reached after which a 
tube could be operated for more than 100 hours before the admission 
of fresh bromine would be required. 

The bromine used in these experiments was specially purified to 
insure its freedom from the other halogens. To our colleague, Dr. 
B. H. Carroll, we wish to express our appreciation for his interest in 
supplying us with this material, and for furnishing the following 
statement of its preparation: 

A good grade of CP potassium bromide, containing not more than 0.5 per cent 
chloride, and giving a negative test for iodide, was used as the source of bromine. 
This was recrystallized once from distilled water leaving about one-third of the 
material in the mother liquor. A concentrated solution of the recrystallized salt 
was then treated successively with three small portions of CP sulphuric acid 
and recrystallized CP potassium permanganate, each portion being sufficient to 
oxidize about 2 per cent of the bromide. The bromine oxidized by each portion 
was evaporated off before adding the next portion; as iodide is oxidized more 
readily than bromide, three treatments of this type should remove all iodide 
present. Following this, permanganate and acid sufficient to oxidize about 90 
per cent of the remaining bromide were added to the solution and the bromine 
was distilled off into all-glass apparatus. Oxidation, distillation, and condensation 
were made incomplete, deliberately, to reduce the amount of chlorine carried 
over with the bromine. ‘The bromine was separated from the aqueous layer of 
the distillate and washed three times with distilled water to remove hydrobromic 
acid. It was then allowed to stand overnight in contact with phosphorous pen- 
toxide. The only contact of the bromine with organic matter was in the stopcock 
of the separatory funnel. 

The tubes, which were made either of pyrex glass or fused quartz, 
were excited by current from a transformer which stepped up 100 
volts, a. c. to 40,000 volts. Preliminary observations made visually 
with a direct-vision spectroscope, verified the results of the previous 
observers as to the effects of increasing pressure and type of discharge 
on the nature of the spectrum. With only a few millimeters of gas in 
the tube, excited by an uncondensed discharge, the capillary of the 
tube appeared orange yellow, the spectrum consisting of bands, 
hardly resolved with the direct-vision prism used to view it. With 
increasing pressure, up to 10 or 12 mm, the color of the capillary 
changed to a light red, and through the prism, it was seen that the 
band spectrum had almost. disappeared, and superposed on it was a 
spectrum of bright lines among which those at 6148 A and 6350 A 
were most conspicuous. It is these lines which impart the character- 
istic red color to low pressure bromine excited by uncondensed 
discharges. They are prominent members of the spectrum emitted 
by the neutral atom; and the conditions under which they appear 
with maximum brilliancy seem to be best for obtaining the arc spec- 


4% B.S. Jour. Research, 2, p. 1119; 1929. 
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trum. As the gas pressure increased, up to 50 mm, or more, new lines 
appeared in the green and blue; the arc lines diminished in intensity 
and the characteristic color of the capillary became grayish blue. 
If at this stage capacity of 0.006 uf was introduced into the circuit, 
the arc lines became asymmetrically diffuse, sharp on the violet 
edge and shaded toward the red, and scarcely distinguishable from the 
faint background of apparently continuous spectrum; the green and 
blue lines, characteristic of singly ionized atoms, were symmetrically 
broadened, and an entirely new class of lines pAinte nate § which were 
sharp and bright, no doubt emitted by doubly ionized atoms. The 
phenomena here observed for bromine are very similar to those 
reported for chlorine, and were the evidence used by Kimura and by 
Asagoe to disinguish ‘lines belonging to the arc spectrum from those 
of the spark spectrum. 

These facts are clearly exhibited in Figure 1 which illustrates the 
violet and blue regions of the spectrum. The upper strip (5) repre- 
sents the spectrum when the conditions for the appearance of the arc 
lines are most favorable; the lower strip (c) represents the spectrum 
which is obtained when the gas at high pressure is excited by a 
strongly condensed discharge. Figures 2 and 3 illustrate the arc 
spectrum from the blue to the limit reached in the infra-red. The 
half-length lines seen in the upper portions of Figure 3 are the over- 
lapping second-order lines in the violet and blue. Except for the 
lines observed by Turner, the figures show the entire arc spectrum 
described in this paper. 

Most of the bromine spectrograms were obtained with the concave 
grating ruled with 7,500 lines per inch. A few, however, were 
secured with the 20,000 lines-per-inch grating. The spectrographs 
in which these gratings are mounted have been adequately described 
in previous papers.’ Each exposure to the bromine source was ac- 
companied by exposures to the iron are which furnished the reference 
standards in the wave-length determinations. The spectrograms 
were made on thin-glass plates, coated with Eastman 36 emulsion, 
which could be bent to the focal curve of the spectrograph; and, 
when necessary, were appropriately sensitized to ste the green, 
yellow, red, and infra-red spectral regions according to our usual 
practice." "When the spectrograph was adjusted to record the red 
and infra-red portions of the spectrum, between 6,000 A and 10,000 A, 
the filter which was used to transmit these waves, usually covered 
only half of the slit, so that the spectrogram thus obtained recorded 
the overlapping second order in addition to the first-order spectrum. 
The exposure times required to record the bromine spectra ranged 
from a few minutes for the strong spark lines in the blue and violet 
to 24 hours for the infra-red arc lines. 

To verify the observations of Kimura and of Hori as to the complex 
nature of some of the bromine lines a few observations of the spectrum 
were made with a Fabry-Perot interferometer. Not only were most 
of the lines mentioned by them found to be complex, but also a 
number of the new infra-red ones as well. The results obtained from 
the measurement of these and of additional plates to be obtained 
with higher orders of resolution, will be reported at another time. 
Hori’s statement, however, that most of the ‘‘complex lines seem to 





14 B. 8. Sci. Papers No. 441, 18, p. 191; 1922. 
15 B. S. Sci. Papers No. 422, 17, p. 353; 1921. 
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be of the ‘arc’ type” is not verified. Of his list of nearly 60 lines 
with fine structure, only 14 find a place in the are spectrum according 
to our analysis of its structure. 


III. RESULTS 


In Table 1 are entered more than 300 wave lengths derived from 
measurement of the spectrograms. These results are, in general, the 
means obtained from three to nine individual determinations, their 
accuracies being indicated by the letters in the third column, which 
have the following significance: 


A=error less than 0.01 A. 

B=error between 0.01 A and 0.02 A. 
C=error between 0.02 A and 0.03 A. 
D=error greater than 0.03 A. 
E=only one determination. 


Lines marked E have been corrected by an amount necessary to 
reduce the other wave lengths of the same spectrogram to the mean 
of all the measurements. In column 2, the letters c and /, following 
the intensity estimates, indicate, respectively, that the line is com- 
plex, and that it is diffuse and shaded toward the red when excited 
by a condensed discharge in the gas at high pressure. 

The lines presented in Table 1 are believed to be characteristic of 
the are spectrum of bromine. No lines belonging to the other 
halogens were encountered. The only impurity lines measured were 
due to hydrogen. The first three Balmer lines appeared on many of 
the plates. On a few spectrograms, secured near the close of the 
observations, many faint lines appeared which were found to belong 
to the secondary or many-lined spectrum of hydrogen. The presence 
of hydrogen in the tube may be attributed to the formation of HBr 
resulting from the destruction of the stopcock grease used at the 
inlet from the bromine reservoir to the discharge tube. No lines, 
attributable to the metal of the electrodes or lead-in wires, were found. 


TABLE 1.—Wave lengths in the are spectrum of bromine 





Intensity Wt 


ont ankes Term combinations 


10725. 5s?P,—5p? D2 
10789. 5s*P,—5p*Ds; 
10892. 5s*P,-5p*D; 
10897. 5s?P,—5p’S; 
10906. 5s*P.-5p'P, 


11011. 5p'D.-78P, 
11152. 5s?D;-5p*P2, (!D) 
11170. 5s?D,-5p"P2, (!D) 
11192. 5s*P\-5p*D; 
11236. 5s*P;—5p*Ps 


11246. 5s?D.-5p*P,, (!D) 
11317. 

11328. 5s?P,-5p?Ds 
1133482 | 5s*D;-5p*F, ('D) 
11349. 78 5s°S,-6pP2, (ISP)? 
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TABLE 1.—Wave lengths in the arc spectrum of bromine—Continued 





<2 Intensity 


rl . . 
Term combinat 
and notes combinations 





| 
8807. 11350. | 5s*Ds-5p?F3, (1D) 
8793. 46 11368. | 5s*D,.-5p*F;, (1D) 
8764. 11407. 

8760. 26 11412. 
8725. 11457. 


8709. 11479. 
8698. 11498. 5s?P.—-5 pS, 
8668. 1 11532. 5p*D.-7s*P» 
8638. 66 2! 11572. 5s*P;—5p'*P2 
8628. 0 11585. 


8625. 11590. 53°S,-6p"P,, (188P) 
8612. 11608. 

8592. 11635. 
8578. 11653. ; 5p*D,-4d'D, 
8566. 11670. 


8560. 
8557. 
8513. ¢ 
8503. 8: 
8477. 


8471. 
8467. 
8446. 
8408. 
8389. 


8384. 
$361. 
8360. 
8356. 
8343. 


Ooooen 


11678. 2 5p'S.—-4d'F; 
11682. 1- 5s? P,-5p?P, 
11742. 9§ 5p?D.-4d? F; 
11756. ; 5p? D,—4d' Fs 
11792. 5s*P,—-5 pS, 


11800. § 
11806. 

11835. ¢ 5s'P.—5p'D, 
11889. 
11916.02 | 5p*D;-4d‘F, 


11924. 5p?*S,-4d2P, 
11956. 
11957. 5p?D.-4d?D; 
119683. 
11981. 5s*P;—5p?P, 


11994. 5s?P,-5p?P, 
12052. ¢ 
12057. 86 5p*D;-7s?P» 
12084. ¢ 5s*P;—5p*D, 
12095. 5p? D.—4d?P, 


12117. 5p*D,—4d'P, 
12120. 16 
12122. 5p? D.-4d? Dz 
12135. 
12169. 


12215. 
12216. 5p*L,—7s'P, 

12260. 6 5s*P;—5p* Ds 
12262. 
12294. 5s*P,-5p’P, 


12383. 
12452. 15 5s?D.-5p*P, (D'S) 
12455. 5s?D;—7p'P», (?D§P) 
12459. 
12461. 5p*P:~7s'P, 
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8334. 69 
8294. 45 
8291. 07 
8272. 46 
8264. 95 


8250. 
8248. 
8246. 
8238. 
8215. 


8184. 
8183. 
8153. 
8152. 
8131. 


8073. 
8028. 
8026. 
8023. 9% 
8022. 
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TABLE 1.—Wave lengths in the arc spectrum of bromine—Continued 





ot 


Intensity 
and notes 
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Term combinations 











12462. § 
12473. 
12481. 
12512. 
12530. 2 


12548. 
12574. 


12578. 
12593. 
12607. ¢ 


12613. 4: 


12670. 
12684. ¢ 
12745. 
12772. 


12804. 
12812. 
12926. 
12939. ! 
12957. 


13003. 
13008. 
13045. ¢ 
13063. 4 
13072. 


13080. : 
13082. 
13125. 
13141. 
13162. 


13166. 
13168. 
13204. 
13207. 
13238. 


13266. 
13306. 
13341. 
13368. 6 
13397. 


13450. 
13462. 
13604. 
13611. 
13631. 


13658. 
13673. 
13685. 
13716. 
13769. 





5s*D;-5p*Ds, (!D) 
5s?D.-7p'*P», ({D8P) 
5s?D.-5p? D3, (!D) 
5s?P.-5p? Dp 
5s*Ds-5p*D», (D) 


5s?D.-5p? Dz, (iD) 
5s*D;-5p*P2, (!DIS)) 
58°S,-5p?P2, (S'D) f 
5p! D;—7s*P2 
5s?D.-5p?P2, (!D!8) 


5p! D,-7s'P3)\ 
5p? P,-4d?P; f 


5s?P.- 5p?Si 
5p' P.-7s? P, 


5s!P)-5p? D, 
5p?D;—4d?F; 

58?8,-6p? D,, (SsP) 
5p?D;-4°F, 


5s°S,—6p'S), (1S*P) 
5p'S.—5d! D, 


5p! P3 73? P, 
5p! P.- 7s! I >» 


5p?D;-4@2Ds 


5s4 P.- 5p! D, 


5p*D,—-4d‘D; 
5s?8,—6p’S8,, (S3P) 


5p4 P.-7s! P, 
5s*P;-5p* D, 


5p! D.—4d'P; 

5p*P;—7s!P3 

5s!P.—5p? D3 

5p'D.-4d'F; 


5p D.-4d! F, 
5p*D,—4d?P; 
5s!P.-5p'8, 
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TABLE 1.—Wave lengths in the arc spectrum of bromine—Continued 





N I. -. Intensity 


and notes Term combinations 





7232. 13822. 5p*D.—4d'P, 
7222. 13842. 02 

7217. 13850. 
7194. ) 13896. 
7184. 3: 13915. 5p*P,-4d‘D, 


13958. 5s!P,-5p?P; 
13981. 
13997. 5s°S,—5p?P;, (18) 
14053. 5p'P,—-4d'Dy 

14057. 


14163. 6% 5p D;—4d! D, 
14170.96 | 5p'D;-4d‘D, 
14250. 9: 5p'D;-4d*D; 
14258. 
14271. 5s*P.—5p?P, 


14295. 5p'P,-78°P, 
14339. 5p'Dy-4d' Dy 
14412. 
14426. 5p'Dy-4d'D; 
14440. 


14478. 5p*P:—7s*P; 
14570. 6 5p'D;—4d' F, 
14614. : 5p'P,—4d*F 
14645. 6 
14657. 5p*D;-—-4d' Tl’; 


14720. 5p'P,-4d*D, 
14723. < 5p! D,-4d'F 
14730. 5p4 D;-5d!F2 
14732. 6 
14746. 5p'Dy-4d*Fy 


14788. 5s*P.—5p? D, 
14858. 5: 5p*Py-4d‘D, 
14868. 56 5p'Ds-4d'P, 
14916. 
14938. 5p*P,-4d'D; 


14960. 5s4 P.-5p*8,; 
14983. 3§ 
15075. 5s'P;-5p’D; 
15100. 5p'P.-7s?P, 
15183. 5p'P.-4d'P, 


15188. 5p'P;-4d' Dy 
15195. 5p*P;-4d'D, 
15213. 5p*D.-5d'F; 
15240. 5s*P;—5 pS. 
15267. 5p*D,.—4d'P; 


15275. 5p'P3 —4d' D; 
15282. 5p'P,-7s'P, 
15304. 
15345. 5p'P,-4d‘F; 
15407. 


7162. 
7150. 
7142. 
7113. 
7111. 


7058. 
7054. 
7015. 
7011. 
7005. 


6993. 
6971. 
6936. 
6929. 
6922. ¢ 


6904. 
6861. 
6840. 
6826. 
6820. 
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2 


4 
0 
1 
0 
0 
0 
6 
0 
3 
0 
3 
5 
0 
2 
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6791. 
6790. 
6786. 
6785. 
6779. 


6760. 
6728. 
6723. 
6702. 
6692. 


6682. 
6672. 
6631. 
6620. 
6584. 


6582. 
6579. : 
6571. 
6559. 
6548. 


6544. 
6541. 
6532. 
6514. 
6488. 
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TABLE 1.—Wave lengths in the arc spectrum of bromine—Continued 





Tt | Intensity Wt | 


| and notes a Term combinations 





6483. 60 
6462. 40 
6438. 08 
6426. 37 
6410. 32 


15419. 5p* P.—4d4 F, 
15469. 86 
15528. 
15556. 5§ 5p P.—4d! P, 
15595. 5p'Ps-4d'F, 


15707. 
15741. 5s*P;-5p?P2 
15777. | 

15779. 72 | 5Sp*P.-4d!P; 
15876. 


15893. 5p'P;-4d'P, 
15912. 8 

15925. § 5p'P,-5d'D, 
15986. 5p'P,-5d*D, 
15991. 


16010. 5p*D2-5d'P, 
16116. 5p*P;-4d‘P; 
16183. 5p'D;-5d*Fy 
16234. 5p*Dy-5d* Dy 
¢ 5s P;—5p? D2 
16259. 5D SUF, 


6364. 
6350. 
6336. 
6335. 
6296. 
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6290. 
6282. 
6277. 
6253. 
6251. 


me © to bo 


6244. 
6203. 
6177. 
6158. 


6148. 
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6132. 
6122. 
6095. 
6069. 
6064. 


16301. 
16329. 5p'D,-5d‘F 
16400. 

16470. 
16485. 


6057. 16503. 
6030. 16577. ; 
6007. § 1 16640. 2 
5985. 16702. 
5975. 16730. 66 5p'Pz-5d'D, 


5954. 16790. 76 5p'Pz-5d'D, 
5950. 16801. 5p*P.-5d* Dy 
5945. 16814. 
5940. 16828. 5s? P,-6p'P; 
5905. 16928. 5p'P,-5d'P; 


5869. 17033. 5p'D;—5d!P; 
5861. 17056. 5p'D;-5d'P» 
5852. 17083. 5p*P;—5d' Dy 
5836. 17127. 5p'P;-5d! Dz 
5833. 17137. 5p'P;-5d'Ds 


5828. 17152. 
5809. 17208. 5p'D,-5d'Ps 
5794. 17254. 

5783. 17286. 
5637. 17733. 5p'P,-5d'P, 


5634. 17744. 5p'P.-5d'P, 
5627. 17765. 
5558. 17985. 
5548. 18018. 87 | 

5536. 18057.28 | 5Sp'P;-5d‘*P; 
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TABLE 1.—Wave lengths in the arc spectrum of bromine—Continued 





AT. Z 


Intensity 
and notes 
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Term combinations 











5p P;—5d! P, 
5s? P,-6p? P, 


5s?P.-6p'P3 
5s?P:—6p*P, 


5s? P,-6p! P, 
5s?P,-6p'Ds 
5s4 P,—6p4 P, 
5s? P.-6p! D, 


5s4 P,-6p*D, 
5s?P,-6p? D, 
5s*P,-6p'S, 

5s?P.-6p?P2 
5s?P,—6p"S; 

5s°P,-6p"P; 
5s*P,-6pP, 
5s4 P.-6p* P, 
5s?P)—5p’P; 
5s?P:—7 p*P2 
5s*P.-6p'P; 

5s* P.-6p' D3; 
5s?P,—5p? P, 
5s?P,-7p'P, 


5s*P.-6p* D, 


5s*P.-6p*D, 
5s*P.-6p"D, 
5s? P.-6p'S, 
5s?P ~—6 p? D; 
5s'P,-6p'S, 


5s4 P;-6p* P; 
5s4 P;-6p'P, 
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TABLE 1.—Wave lengths in the arc spectrum of bromine—Continued 





Intensity wt 


Ter inati 
and notes m combinations 





4490. 
4477. 
4472. 
4471. 
4471. 


4470. 
4467. 
4458. 
4441. 
4427. 


4425. 
4423. 
4404. 
4399. 
4394. 


4391. 
4379. 
4369. 
4365. 
4334. 


4312. 
4289. 
4283. 
4260. 
4250. 


4248. 
4240. 
4220. 
4202. 
4197. 


4196. 
4175. 
4157. 
4143. 
4132. 


4129. 
4124. 
4123. 
4083. 
4046. 


4045. 
4037. 
4021. 
4018. 
4012. 


3999. 
3992. 
3991. 
3937. 64 
3934. 11 


22263. 5s'P,-6p°S; 
22326. 5s*P,-6p'D, 
22352. 5s'P,-6p'P, 
22356. 
22359. 


22365. 5s°P,-7p'P; 
22377. 
22423. 
22507. 584 P;—6p* D, 

22581. 5s?P.—5p?P,, (P'S) 


22591. 5s*P.—6p"P; 
22602. 5s?P.-7 p*P, 
22697. 
22722. 5s?P,-5p*P2, (@P'S) 
22747. 


22764. 5s?P,-7p'P, 
22825. 
22880. 8: 5s*P,—5p?P,, (3P!18) 
22902. 5s'P,-7p'P, 
23063. 5s*P,-7p'P; 


23180. 
23303. 
23340. 
23464. 
23518. 


23531. 
23576. 
23686. 
23788. 
23819. 


23822. 5s‘P;-6p* P, 
23940. 5s'P,-6p*D, 
24046. 5s!P,—6p'Ss 
24124. 5s'P,-6p"*Ds 
24191. 


24211. 
24239, 5s'P,-6p°S, 
24244. 
24483. 
24705. 


24714. 
24761. 
24857. 5s'P,-5p°P,, (*P18) 
24878. 5s'P.-7p'P2 

24914. 


24998. 5s*P.-5p*P2, (®P'8) 
25040. 5s*P,-7p'*P; 

25046. 5s*P;—5p’P2, ?@P!D) 
25388. 76 
25411. 54 5s*P;-6p"D, 
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TaBLE 1.—Wave lengths in the arc spectrum of bromine—Continued 


Intensity Wt. 


Term combinati 
and notes mbinations 





25517. 13 5s*P;-6p'S, 
25572. 02 
25594. 94 5s*P;-6p?D; 
25614. 55 
25633. 


25655. 
25871. 
26103. 
26112. 5s*P;-7p'P3 
26200. 


26301. 
26320. 
26349. 5s'P;-7p'P, 
26510. 

26760. 
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As was the case with chlorine, most of the bromine spectrograms 
secured in this investigation show two or more types of lines, since it 
was impossible, during the exposure, to maintain the conditions in 
the source favorable for the excitation of but one type. The spark 
lines appearing on the plates have been measured, but the wave 
lengths derived for them will be reserved for later publication. 
An additional feature of the spectrum which appears when the 


conditions of excitation are favorable for the production of the 
arc spectrum is the band of continuous light extending from 3600 
A to 3500 A, with maximum near 3550 A. It is clearly seen in 
the illustrations. On the original negatives the violet limit of this 
band merges into a broader and much fainter band with maximum 
near 3250 A. These two bands coincide approximately with the 
limits of the ?P and ‘P series coming from the s electron. They 
may, therefore, represent the recombination light which is emitted 
when electrons with initial velocities » give up energy hv=h»;,+ 
\ymv”, where Avs, is the energy of the 5s?P and 5s*P levels. The view 
that these bands are due to atomic and not molecular bromine is 
further supported by the fact that the absorption band of Br vapor 
lies to the red of the emission bands. Ribaud’s'* measurements 
place the absorption maximum near wave length 4200 A and only a 
small portion of the more refrangible and less intense part of the 
band overlaps the 3600-3500 A region of the emission band. 


IV. STRUCTURE OF THE ARC SPECTRUM 


Attempts to find, in the bromine spectra, regularities which would 
indicate the nature of their structure have been made by Paulson,” 
by Kimura,” by Turner,’ by Hori,” and by Siracusano.”” The 





16 Annales de Physique (9), 12, p. 165; 1919. 

17 Dissertation, Lund, 1914; Ann. der Physik, 45, p. 426; 1914. 
16 Mem. College Sci. Kyoto Imperial Univ., 4, p. 133; 1920. 

1” Physical Review, 27, p. 404; 1926. 

*” Mem. College Sci. Kyoto Imperial Univ., 9, p. 312; 1926. 

1 Atti. Accad, Lincei, VI 7, p. $35; 1928. 
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results obtained by all these investigators, except those of Turner, 
do not appear to have any physical significance, as far as the arc 
spectrum is concerned. Turner found the difference Av=3685 
recurring among the strong bromine lines observed by him in the 
Schumann region. As shown in our classification * of these lines, 
this difference turns out to be the separation of the components of 
the ?P basic terms of BrI and the lines themselves constitute the 
resonance lines and raies ultimes of the bromine arc spectrum. 
Table 4 contains Turner’s lines and our classification of them, which 
differs slightly from that given in our preliminary note. With the 
clue thus furnished it was soon possible to classify the prominent 
lines in the red and infra-red and also those in the blue and violet. 


TABLE 2.—Theoretical terms of Br I 





| Basic term of Br II 








| Electron a ee et 
| configuration 

sp IT) | Is 
| 482, 4p5 2p | 
| 482. 4p*. 5s 2p, ‘p 2D | 25 
| 482. 4p*.5p | 2S, 2P) 2D, 4S, ‘P, ‘D 2p, 2D, 2F | 2p 

4s?.4p'.4d | 2P, 2D, °F, ‘P, ‘D, ‘F | 2S, 2P,2D,2F,2G | 2D | 

| 482. 4p*. 6s 2p ‘P 2D | 2g 
| 4s?.4p'.6p | 2S, 2P) 2D, 4S, ‘P, ‘D 2P, 2D, °F | 2p 
| 492. 4p'.5d | 2P, 2D, 2F, ‘P.4D, “EF | (28, 2P) 2D) 2k, 2G =| 2D 
| 4s?. 4p! . 78 2p ‘Pp 2D | 3S 
| 482. 4p*. 7p | °S, 2P) 2D, 48, 4P, ‘D 2P 2D, °F 2p 















We have found that in structure, the are spectrum of Br closely 
resembles that of chlorine. The terms which have been detected 
thus far are given in Table 3, and, without exception, are those 
required by Hund’s theory. The theoretical terms are given in 
Table 2, those printed in heavy type indicating the ones actually 
found and listed in Table 3. These terms represent the resultants 
of the interaction of the seven valence electrons in the N shell of the 
bromine atom. In the unexcited state of the atom two of these 
electrons occupy 4; orbits and five occupy 4, orbits, which is expressed 
by the symbol 4s”. 4p°. The term corresponding to this state is 
*P, the component with 7=3/2 being deepest. To avoid the use of 
cumbersome fractional inner quantum numbers, however, we have 
throughout this paper assigned to each term an integral inner quan- 
tum number one-half unit greater than the true value. When the 
atom is excited one of the 4p electrons is dislodged from its normal 
position and occupies a higher and less firmly bound orbit of the 
8, p, d,---type. The terms of Table 2, which represent the excited 
states of the atom, are the resultants obtained by adding in turn the 
electrons ns, np, nd, etc., to the configuration 4s?.4p*, or what 
amounts to the same thing, by adding them to the terms *P, 'D, and 
'S, the lowest and metastable states of the bromine ion. 

The numerical values of the terms in Table 3 are absolute; that is, 
they are based on what is believed to be the most probable value 


* Science, 69, p. 360; 1929. 
101062°—30——-6 















680 Bureau of Standards Journal of Research [Vol. 4 


of the ground term, *P2, derived from the calculation of series limits, 
discussed below. The designation of a term was determined largely 
from its relation to neighboring terms, and from analogy with the 
term structure of Cl I, since no Zeeman effects of Br I lines are 
available upon which to base a definitive decision. It is altogether 
likely, therefore, that future investigation will necessitate a revision 
of some of the less surely established designations. The terms of 
Table 3 are illustrated graphically in Figure 4. 


TABLE 3.—Terms of Br I 





pila 
Term Series |Term)/Term 
type electron || No. | type 


| 


ee oe Series 
| electron 








95550 
3685 4p 
91865 





32120. 18 
| 1470. 68 
30649. 50 

| 1976. 66 


| 
28373. 13 


| 1786. 65 
26586. 48 


18225. 89) 
| —18. 18/}5s+!D 





1 |28672. 84 














18244. | 
19648. '}5s-+48 
20884. | 

20547. 
19742. 
20035. 
19859. 


18813. 5 
| 1332. 84 
17480. 71 


16880. a 
16378. 36) 

|— 312. 66 
16691. 02! 


17045. 12 
| 1184. 28 
15860. 84 


15688. 70 
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TABLE 3.—Terms of Br I—Continued 























Term|Term ‘ Ps Series ||Term|Term a i Series 
No. | type electron || No. | type electron 
| 
ed | 
2016. 85 64 | 2F, | 4087. 56 1 
47 | *P, | 5264. 38 | — 30. 44! 
65 | 2F; | 4118. 00 
48 | 2P, | 7801. 70 78+3P 
2354. 63 | 66 | 2D; | 3903. 42 
49 | 2P, | 5447. 07 | 165. 06|} 4d+8P 
| 67 | 2Dz | 3738. 36 
50 | *P,; | 6008. 04 
237. 52 | 68 | 2P, ? 
51 | *P, | 5770. 52 7Tpt+8P | 
161. 66 | 69 | 2P, | 3764. 65 
52 | ‘P, | 5608. 86 | 
| 70 | 4D, | 3801. 16 
53 | ‘D, | 5695. 98 54. 78 
87. 27 | 71 | ‘Ds | 3746. 38 
54 | 4D; | 5608. 71 | —10. 22 
—80. 16 | 72 | 4D, | 3756. 60 
55 | ‘Dz | 5688. 87 | —60. 16 
—138. 45 | 73 | 4D, | 3816. 76 
56 | *D, | 5827. 32 | 
| 741 4Fs | 3705. 48 
57 | 4F; | 5311. 81 29. 89) 
22. 97 | 75 | 4F, | 3675. 59 5d+3P 
58 | ‘F, | 5288. 84 4d+3P || 75. 42 
87. 17 76 | 4F; | 3600. 17 
59 | 4F; | 5201. 67 
73.17 77 | ‘F, ? 
60 | *F, | 5128. 50 
78 | 4P; | 2827.13 
61 | *P; | 4767. 80 | 23. 97 
— 223. 08 | 79 | *P2 | 2803. 16 
62 | 4P, | 4990. 88 | | —10. 54 
— 372. 62 | 80 | 4P; | 2813. 70 
63 5363. 50 
































The principal multiplets of Br I, which contain most of the promi- 
nent lines, are presented in Tables 4 to 9. Multiplet lines which 
have not been observed owing to faintness or inaccessibility, but 
which may be calculated from the known term differences, are indi- 
cated in the tables by braces { }. Turner’s lines, Table 4, resulting 
from the transition 5s—4p, represent those terms based on *P and 'S 
of the ion. Additional lines in the Schumann region may be expected 
coming from the *D terms based on 'D of the ion. Although the 
calculated wave numbers of these lines lie in the regions observed by 
Turner and by Vaudet, they are not to be found in either list. How- 
ever, according to the intensity rules, they may be expected to be 
faint, since the term combination 7D->’P represents a change of — 1 
in the quantum numbers of terms resulting from an electron transi- 
tion in which the azimuthal quantum number changes by +1 (s—p). 
The intense lines of the deep red and infra-red form the multiplets 
iven in Table 5. They represent the transition of the series electron 
rom the 5p state to the 5s state, and thus constitute the set of lines 
most likely to occur among the Fraunhofer lines if bromine is present 
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in the sun’s reversing layer. But careful comparison of the wave 
lengths of Table 1 with the Revision of Rowland’s Preliminary Table 
of Solar Spectrum Wave Lengths * has failed to establish any coinci- 
dences and we must conclude that there is, at present, no evidence 
for the existence of bromine in the sun. These multiplets exhibit the 
same peculiarities that were noted for the corresponding multiplets of 
chlorine: (1) The intersystem combination *7P—P is unusually strong, 
(2) the separations of the 4p terms *D and *P deviate markedly from 
the Landé interval rule. The latter fact indicates an anomalous 
coupling which persists with the 6p terms. This is readily seen by 
comparing the multiplets of Table 6, representing the transition 
6p—5s, with those of Table 5. 


TABLE 4.—Turner’s lines 


2P, 3685 2P, 


1488. 6 
67176 


3 
1449. 
68965 


6 
1576. 


63432 





10 6 
1633. 1540. 
61214 64902 


8 
1582. 4 { 1495. " 
63194 66878 


8 6? 
281 1384. 6 ° 1317. 4 
72224 75909 








* The wave length 1317.8 given by Turner evidently is a blend with an iodine line of nearly the same value, 
33 Carnegie Institution of Washington, Pub. No. 396; 1928. 
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TaBLE 5.—Multiplets from the transition 5p—5s 











1184. 28 
2D, 


‘D; 
1046. 01 


‘D, 
1332. 84 
‘D, 












2P, 








1786.65 


2P, 





299.71 





4P, 


1976.66 


‘P, 




















q 
9320. 83 
10725. 72 





oo08 sf 
10208. 3 


"9806. 6 
9895. 6 


4 
9173. 59 
10897. 87 


"7773. 0} | 


D108 OF 
9106. 0 


"e038. 1} { 








"esse oO} { 


9708. Bt 
9706. 5 











15 
8825. 26 
11328. 00 


12 
7989. 94 
12512. 31 


20 
8334. 69 
11994. 75 


5 
8557. 73 
11682. 14 


2 
7881. 58 
12684. 33 


‘abIe 
8513. 6 


Dobe BY 
9559. 5 


4 
9178. 16 
10892. 44 


Maoh 9} 
7488. 9 


ith et 
7825. 6 


3680. 5Y 
8630. 5 


10 
8698. 51 
11493. 07 





299. 71 


299. 66 


299. 70 


299. 67 


{ 





15 
7803. 


8131. 51 
12294. 46 


20 
8343. 
11981. 


70 
80 


sont i 
12984. 1 


10140. 0 
9859. 2 


—“— 


3 
8932. 
11192. 


39 
14 


12304. 





Ment 
8930. 1 


20 
8477. 47 
11792. 74 











25 
7348. 
13604. 


3 
6760. 
14788. 


20 
7005. 
14271. 


7 
7162. 
13958. 


9 
6682. 
14960. 


8 
9265. 
10789. 


50 
8446. 
118365. 


) 


7591. 
13168. 


10237. 
9765. 


9896. 
10102. 


9166. 
10906. 


15 
7260. 
13769. 


1470.68 





56 
37 


sh 





21 


~“ 


16 


14 
47 


29 


39 
90 





Oo 


59 
85 


07 
81 


49 
38 





4P, 


15 
6631. 64 
15075. 07 


12 
6148. 62 
16259. 32 


20 
6350. 74 
15741. 85 










75 
8272. 46 
12084. 98 





12 
8153. 94 
12260. 65 






50 
7513. 01 
13306. 58 


15 
8897. 64 
11235. 86 


25 
8638. 66 
11572. 69 






12 
6559. 81 
15240. 14 
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TaBLeE 6.—Multiplets from the transitions 6p—5s and 7p—65s 





58 
6p 


2P, 


1786.65 ?P, 


299.71 


4P, 


1976.66 


4p, 


1470.68 ‘P; 





2D; 


2D, 


2P, 


239. 79 
2P, 


\ 





2 


5029. 
19877. 


8 


5466. 
18289. 


8 


5395. 
18528. 


4 


4954. 
20177. 


5889. 
16973. 


5723. 
17466. 


. 53 
. 86 


. 70 
. 65 


2 
5364. 
18636. 


1 
5328. 


9 18760. 


7 } { 5192. 
5 19253. 


3 
5450. 


18343. ¢ 


) { 5432. 
f 118402. 


3 
5370. 
18615. 


1 
4592. 
21770. 





299. 58 


299. 89 











{olsen 2 } 
4906. 5 } 


20375, 


7 
4849. 39 


| 20615. 41 


7 
4490. 43 
22263. 36 


3 
5245. 
19060. 


{ 5113. 
19552. 


43 
38 


3 


77 
01 


6 
4143. 98 
24124. 61 


9 
4175. 
23940. 


15 
4472. 
22352. 


8 
4425. 
22591. 


0 
4124. 
24239. 


79 
84 


62 
01 


15 
4780. 
20913. 


12 
4752. 
21036. 


7 
4643. 
21529. 


27 
71 


52 
38 


{ 4848. 4 
120619. 5 


7 
4834. 
20679. 


6 
4785. 
20891. 


4 
4157. 
24046. 


46 
07 


19 
99 


39 
80 


0 
3905. 92 
25594. 94 


2 
3934. 11 
25411. 54 


1 
4196. 48 
23822. 80 


15 
4525. 


f 22090. : 


12 
4513. 
22149. 
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TABLE 6.—Multiplets from the transitions 6p—5s and 7? p—5s—Continued 





2P, 1786.65 ?P, 299.71 | 4P; 1976.66 ‘4P, 1470.68 ‘P; 


“ 





2 5 
4470. { 4057. 1 3828. 
22365. 24641. 4 f 26112. 


7 4 5 1 6 
4802. 65 4423. 4365. 15 4018.33 3794. 
20816.04 22602. 22902. 31 24878.95 26349. 





3 7 1 7 
4765. 62 4391. 61 4334. 58 3992. 39 
20977. 78 22764. 32 | 299. 50 | 23063. 82 25040. 60 




















The terms from the 4d and 5d electrons, which have been found, 
combine with those from the 5p electron to give the multiplets of 
Tables 7 and 8. The ‘*D terms of the nd sequence are partially 
regular and the term separations are small. This fact is a character- 
istic of series-forming terms which approach a common limit. 

The 6s electron gives terms which lie between those of the 5p and 
6p electrons. It has not been possible to establish these terms, 
however, because the multiplets resulting from their combination 
with the 5p and 6p terms lie in the infra-red out of reach of the 
sensitized photographic plate. 

The multiplets described in Tables 4 to 8, represent combinations 
of terms which have *P, the lowest term of Br II, as parent. The 
low metastable terms of Br II, 'D and 'S, also give families of terms 
in Br I. Of these, the lowest are 7D and *S coming from the 5s 
electron, and these combine with the ?F, 7D, and ?P terms from the 
5p electron to give the multiplets of Table 9. The corresponding 
terms from the 6p electron have not been found. It is therefore 
impossible, at present, to form any estimate of the relative positions 
of the terms °P, 'D, and 'S of the Br ion, from calculation of the limit- 
ing terms of the series of Br I. 
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TaBLE 7.—Multiplets from the transition 4d—5p 





| “Pi 
| 


804. 81 


‘Pg 


336. 85 


‘Ps 


‘D; 


1332.84 4Ds 


1046. 01 


{Ds 


175.62 4D, 








11271. 





f 8933. 
(11191. 
5 | 

f 9045. 
/\11052. 


| 


{ 8253. 8 
12112. ¢ 


{ 8869. £ 


3 
3 | 
os 





0 
8 


| 
\ 


6777. 


66 { 
24 |\14751. 


| 
| 
| 


6 \{ 6952. 
7 J (14379. 


5 
1} 7184. 
J 13915. 


7113. 52 
14053. 85 


1 
6514. 60 
15345. 90 


2 
6483. 60 
15419. 28 


8 
6692. 
14938. 


6 
6728. 2¢ 
14858. 52 
2 
6791. ! 
14720. 2 


2 
6335. f 
15779. 7 


1 
6426. 37 
15556. 59 
1 


6584. 22 
15183. 64 


6374. 7 
15682. 6 


0 
6345. 
15755. 


10 
6582. 
15188. 3 


10 
6544. 


6203. 
16116. 
2 


6290. 
15893. 





4 
7344. 
13611. 


1 
7305, 4 
13685. 


7617. 2 
13124. 6 


7698. é 
(12986. ¢ 


7117. 
14045. 8 


2 
7232. 
13822. 7% 


0 
7432. 8 
13450. 14 


5 
6861. 21 
14570. 67 


2 
6820. 39 
14657. 88 


5 
6786. 77 
14730. 49 
4 
7058. 40 
14163. 62 


1 
7015. 16 
14250. 92 


0 
7054. 74 
14170. 96 


8 
6790. 05 
14723. 37 


3 
6779. 4 
14746. 3: 


{ 6739. 6 
14833. 


6 
6971. 
14339. 


3 
6929. 75 
14426. 4! 


4 
6548. 14 
15267. 30 


~ | 
| 
| 
| 
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TaBLE 8.—Multiplets from the transition 5d—5p 





804. 81 


‘Py 336.85 


4P; 


| 


| ‘Dy 


1332. 84 


‘De 


1046. 01 





f 7611.8 \ 
(13133. 7 


{ 7617.8 
13123. 5 





1 
6253. 71 
15986. 10 


0 
6277. 32 
15925. 97 


{ 5901.7 
16939. 6 
3 
5905. 45 
16928. 83 





3 


5950. 
16801. 


3 


5954. 
16790. 7 


1 


5974, 


16730. 


f 5641. 
\17720. 


1 


5634. 
17744. 


0 
5637. 
17733. 


3 
5536. 
18057. 
1 
5529. 
18081. 





f 7284. ! 
(18724. 


7316. 5 
13663. 


| 
\f 6811. 
|\ 14677. 


f 6816.1 } 
(14667. 0 





2 


6571. 
15213. 


? 


6635. 
15067. 4 


6639. 
15057. 


f 6666. : 
(14996. § 


6253. £ 
15986. 6 


1 


6244. 
16010, 


{ 6248. ¢ 


15999. 


6 
6177. 40 
16183. 57 


{ 6148.5 ) 
16259. 6 f 


? 


f 6225. § 
116058. 


6204. 4 ) 
16113. 2 f 


{ 6208.3 
16103.0 f 


0 
5869, 2! 
17033. 2 
0 


5861. < 
17056. 29 


{ 





6122. 
16329. 


6110. 
16359. 


6082. 
16435. 
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TABLE 9.—Combinations of doublet terms originating in 'D and 'S of Br II 





28; 2D, — 18.18 2D, 





10 
8819. 95 
11334, 82 


6 2 
8793. 46 8807. 52 
11368. 97 11350. 82 


4 1 
8009. 98 8021. 61 
12481. 00 12462. 91 


2 10 
{ 7165. 3 \ 7966. 95 7978. 50 
13952. 4 12548. 40 12530. 24 


5 2 5 
7950. 19 8949. 31 8963. 99 
12574. 86 11170. 98 11152. 69 


2 
{ 7902. 3 \ 8888. 83 
12651. 0 11246. 99 


6 12 5 
7142. 28 7938. 64 7950. 19 
13997. 28 12593. 15 12574. 86 


0 
{ 7215. 1 \ 8028. 55 


*P 13856. 1 12452. 13 














Of the terms given in Table 3, 11 sets are in Rydberg sequence 
and, therefore, available for calculating series limits. These are 
shown in Figure 4 where the series-forming terms are plotted on the 
same vertical line. Since, with one exception, only two terms in 
each sequence are known with certainty, it was not deemed necessary, 
for the present, to seek for more accurate values of the terms than 
those given by Rydberg’s formula. By adding to the terms thus 
found, their separation from the basic term ?P2 we get the separations 
between the limiting terms of the ion and the lowest term of the 
neutral atom. The values found in this way from all the component 
series are given in Table 10. The 15 values for the separation 
’P,—*P, are in very good accord, their mean being 95543 cm“. 
The value of the basic term *P, is therefore conveniently placed at 
95550. Nine of the series converge to *P,; of Br II, and three to 
5P). Of these, the np ?P series have three members each, but they 
appear to be abnormal, since it was not possible to find a formula of 
the Ritz type, with three constants, to represent them satisfactorily. 
The approximate values for *P; and *P, derived from these abnormal 
series, when averaged with corresponding values derived from the 
other series converging to these limits, give the means shown in 
the table. We may feel sure that the order of magnitude for the 
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separations of the components of *P indicated by these results is 
very nearly correct, for we may arrive at an estimate of them from 
the known Av’s of the basic *P of Se 1. McLennan, McLay, and 
McLeod * have found that the extreme components of the ground 
term of Se I are separated by 2534 cm™'. Assuming that the cor- 
responding separation of Br II shows an increase over that of Se I 
in the same ratio as does that of Cl II over SI (Av Cl II: AvS 1=1.75) 
we find for it Avo, 2~4500 em™, which is of the order shown in Table 
10. Some of the individual values for the series limits recorded 
in Table 10 may be somewhat in error because of uncertainties 
attaching to the identification of the higher terms; but such errors 
can not be large enough to affect the order of magnitude of the series 
limits as found in the above analysis. At present there seems to 
be no way of deciding this point without the help of Zeeman effects or 
other evidence coming from a study of the fine structure of the 
bromine lines. Unfortunately, we do not as yet know the basic 
term of Br II from observation and, therefore, can not check ab- 
solutely the term separations derived from calculation of the series 
limits. 
TaBLE 10.—Series limits of Br I 





Limiting term of Brt 


Term se- 
quence 





3Po 3P, 





95882 





98820 
106000 
101000 
99023 
98107 








97526 
94604 


96528 
96836 
97210 
95501 
95519 
95589 
95618 
95244 
95288 
95343 








Means 100500 95543 











Ionization potential=1.2345x95543x10-4=11.80v 














4 Phil. Mag. (7), 4, p. 486; 1927. 
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We may also form an estimate of the magnitude of the separation 
of the series limits from the separations of the components of a set 
of series terms. In our paper on chlorine we presented evidence to 
show the manner in which component series approached their limits 
and pointed out that our conclusions were in accord with the new 
scheme given by Hund.” Similar evidence is afforded by the bro- 
mine series. For instance, the *P terms coming from the 5s and 7s 
electrons are characterized by the separations (1470.68, 1896.66) and 
(140.44, 2016.85), respectively. This indicates that in approaching 
the limit the separation A »;,. decreases toward zero, which means 
that the component series ns *P; and ns *P, both approach the same 
limit *P, of the ion; whereas the separation A »,; remains constant 
or increases, which means that the series ns *P; approaches the limit 
*P, of the ion. From the magnitude of the separations A »2,; we may 
therefore estimate the separation of the two limits *P, and *P, to be 
in excess of 2000 cm~!. Similarly, we can form an estimate of the 
separation of the series limits *P; and *P, from the components of 
series which converge to these limits. Such series, for example, are 
composed of the terms ?P, and ?P, coming from the ns electrons. In 
bromine the values of A »,, for these terms are 1786.65 and 2354.63, 
respectively, for the 5s and 7s electrons. We may, therefore, expect 
the limiting terms *P, and *P, to be separated by an amount of the 
order of 2000 cm=!. This would indicate that the distance between 
3’P, and ?P, in Table 10 should be somewhat in excess of 99000 em. 

From the separation 95550 cm~’ between the ground terms of Br 
I and Br II, we derive a value of 11.80 volts for the ionization poten- 
tial of the neutral bromine atom. This value differs by 0.6 volt from 
that found by linear interpolation between the values recently found 
spectroscopically for Ge and Kr. Rao’s recent analysis of the ger- 
manium are spectrum * gives an ionization potential of 8.09 volts for 
this element; and for krypton the classification of the spectrum by 
Gremmer * and by Meggers, deBruin, and Humphreys,” gives a value 
of 13.94 volts. The straight line connecting these points gives for 
As an ionization potential of 9.55 volts, for Se 11.00 volts, and for 
Br 12.40 volts. The value for As agrees well with the estimate of 9.9 
volts made by Meggers and deBruin * from analyses of As I and 
with the similar estimate of 9.6 volts recently made by Russell.” 
For Se no spectroscopic value is available, but Udden’s *! measured 
value of 12.7 volts is higher by 1.7 volts than that given by the 
curve. For Ga the curve gives 6.6 volts, which is 0.6 volt larger 
than the value determined spectroscopically. 


V. CONCLUSION AND ACKNOWLEDGMENTS 


Sixty per cent of the lines of Table 1 have been classified as result- 
ing from combinations of the terms given in Table 3. This includes 
practically all the stronger lines in the list. Of the fainter lines, 
many have been measured but once and may not be characteristic of 
Br I, but they are retained in the list subject to the confirmation or 
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rejection of future observations. As stated above, some of the higher 
terms of Table 3 may also require revision in the light of subsequent 
observational data. However, whatever readjustment may be made 
will not seriously alter the structure of the spectrum as portrayed in 


‘© ° 





r'S 





+ 





P 


— 





TRIAS Pe Venere 
eS PERT SPPPOUT STTTUTT 
*. — Hf = eehaiess eg ay, ae 
NO 
AY Wf. 
A NS / 


-5d 




















x AA 
Ny 
INVA 
uN 




















~ 
~ 


YN 





oe 
| n-ne - -- +--+ 5 +--+ o-oo + - --4D 
9500 


Figure 4.—Term diagram of Br I 


Figure 4. The essential fact brought out by this analysis is the com- 
plete agreement of the observed structure of the spectrum with that 
required theoretically for an atom with seven valence electrons. 

In conclusion we again wish to express our appreciation to our col- 
league, Dr. B. H. Carroll, who prepared for us the pure bromine used 
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in this investigation. To Bourdon F. Scribner, also of the bureau 
staff, we are indebted for valued assistance in the computation of 
the wave lengths presented in this paper. Finally, one of us (T. L. 
deB.) wishes to take this opportunity to thank the International 
Education Board for the grant of a fellowship at the Bureau of 
Standards which has made it possible for him to cooperate in this 
investigation. 


WasHINGTON, November 30, 1929. 
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SPECTRAL SENSITIZATION OF PHOTOGRAPHIC 
EMULSIONS 


NOTES ON BATHING WITH PINACYANOL-PINAFLAVOL 
MIXTURES 


By Burt H. Carroll and Donald Hubbard 


ABSTRACT 


Data are given for sensitization of three emulsions with pinacyanol-pinaflavol 
mixtures, with varying concentrations of dyes, and with the addition of pyridine 
or borax. Pyridine is found to be useful, since it both increases the effectiveness 
of sensitization and reduces the tendency to flocculation, which may be a serious 
difficulty when pinaflavol is mixed with other sensitizing dyes. Optimum condi- 
tions are bathing for one hour at not over 10° C. in a vertical position with an 
aquaeous bath containing per liter, 4 mg each of pinaflavol and pinacyanol and 
10 g of pyridine. Good results may also be obtained with some emulsions by 
bathing for three minutes with agitation, with a bath containing, per liter, 10 mg 
each of pinaflavol and pinacyanol and 10 g of pyridine. The pyridine must be 
free from reducing impurities. 


CONTENTS 


I. Introduction 
1. Description of dyes 
II. Pinacyanol-pinaflavol mixtures ___________-_- RTE! eee Sees serene F 
1. Flocculation of baths 


I. INTRODUCTION 


One of us’ has already published a short communication on the 
photographic properties of plates sensitized by the combination of 
pinacyanol and pinaflavol. The dye bath has some characteristics 
which seemed worth further study, and as it has given trouble in 
other hands,? it was again investigated as part of a more general 


program. 
1. DESCRIPTION OF DYES 


The two dyes, pinacyanol and pinaflavol, are in different but related 
classes. Pinacyanol is the original trade name for the compound 
now given the chemical name of 1, 1 '-diethylearbocyanine chloride; 
the dyes marketed under the names of “sensitol red” and ‘ ‘erythro- 
chrome”’ are iodides * of what is understood to be the same base; and 
a large part of the work here reported was done with the last named. 





! Carroll, J. Opt. Soc. Am. and Rev. Sci. Inst., 13, p. 35; 1926. 

3 Jacobsohn, Phot. Ind., 26, p. 56; 1928. 

* We are indebted to the research laboratory of the Eastman Kodak Co. for this information, which we 
have checked by analysis of our samples. 
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All sensitize for the red with maxima at about 0.64 and 0.58 n. The 
structural formula now generally accepted ‘ is 


N ah 
C2Hs I 2H 

The true solubility of the dye in water has never been measured, 
but it appears to be little more than that of silver chloride; like the 
isocyanine, orthochrome T, it is extracted almost completely from 
aqueous solution by chloroform. The solubility of various samples 
in 95 per cent ethyl alcohol at room temperature is of the order of 
one-half to 2 g per liter, the iodide being less soluble than the chlo- 
ride. It is distinctly more soluble in pyridine, and on evaporation 
gives off the last of the solvent very slowly; quinoline extracts it 
almost completely from aqueous solution. The aqueous solutions 
are readily flocculated by halides or cyanides, although much more 
stable toward some other salts, such as sodium borate or carbonate. 
The dye is decolorized by sufficiently strong acids, but this is not 
complete at pH 2, in contrast to the isocyanines, some of which are 
decolorized by pH 5.° 

Pinaflavol is believed to be 2-p-dimethylaminostyryl-pyridine 
methiodide,® or a dye of the same series. It has its maximum ab- 


py. 
(CH3)5=N- C=C 


N 
:. 
I CH, 


sorption at 0.47 uw and sensitizes to 0.6 yw, no minimum intervening 
between the natural sensitivity of silver bromide and that conferred 
by the dye. Its true solubility in water is apparently much higher 
than that of the isocyanines and carbocyanines. The distribution 
ratio between water and chloroform is of the order of 10:1, as 
against 1:30 or more for pinacyanol. The higher aliphatic alcohols 
extract a considerable amount from water, and quinoline removes 
nearly all the dye from the water layer. These solvents are too 
miscible with water to make quantitative determinations of the ratio 
valuable. Aqueous solutions of the concentrations used in bathing 
are not easily flocculated by salts. The dye is decolorized com- 
pletely only at hydrogen ion concentrations greater than pH 2. 

Both dyes are apparently to be classed as colloidal electrolytes, 
analogous to the soaps, dissociating in solution into negative halide 





‘ Bloch and Hamer, Phot. J., 68, p. 21; 1928. 
+ Kolthoff, J. Am. Chem. Soc., 60, p. 1604; 1928. 
6 Mills and Pope, J, Chem. Soc., 121, p, 946; 1922, 
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jons and positive dye ions or polyionic micelles. Single dye ions 
would be so large and so lyophobic in character that they might be 
expected to be distinctly colloidal; the formation of micelles would 
increase with increasing concentration. Both pinacyanol and pina- 
flavol migrate to the negative electrode, the latter somewhat more 
rapidly. Both dye ions diffuse very slowly through collodion, if at 
all, while halide ions can be detected on the other side of the mem- 
brane in a few hours. 


II. PINACYANOL-PINAFLAVOL MIXTURES 
1. FLOCCULATION OF THE BATHS 


From consideration of the sensitization produced by pinacyanol 
and pinaflavol separately, it is evident that the combination may be 
expected to produce unusually uniform spectral sensitivity. In the 
manufacturer’s literature’ on pinaflavol, the combination is specifi- 
cally recommended, using successive aqueous baths of the two dyes 
for this purpose. No reason is given for this procedure, although 
it is mentioned that the effectiveness of pinaflavol is reduced by 
alcohol in the dye bath. The actual difficulty with a mixed bath 
became obvious in our earliest experiments. Pinacyanol, from the 
same makers as the pinaflavol, rapidly flocculated when a mixture 
of the dyes was made up in aqueous solution, the pinaflavol being 
relatively little affected. The plate is liable, even when the floccu- 
lation is not pronounced, to be ruined by specks of dye, visible as 
such on the undeveloped emulsion and as fog after development. 

We later found that this immediate flocculation occurred only with 


two of the makes of dye, and were able to carry on the experiments 
with mixtures in plain aqueous solution by the use of one of the 
others. Since then fresh samples of the two makes of pinacyanol 
which previously flocculated have proved to be stable in mixtures 
with pinaflayol. The flocculation is liable to arenes on bathing, 


even though the plates are previously washed and the dye bath is 
stable when not in use. This may be explained as a case of sensi- 
tization by the trace of protein known to be extracted from the 
plate. It appears to become worse with old samples of dye and old 
stock solutions. We have observed similar effects with kryptocy- 
anine, dicyanine, and pinachrome when mixed with pinaflavol; 
orthochrome T and pinaverdol were stable. 

The flocculation appears on inspection to be a mutual precipitation 
of colloids; but both dyes carry the same electrical charge, and it is 
improbable that they were stabilized by materials capable of reacting, 
so that no reason can be assigned for predicting such a precipitation. 
It is probably significant that the tendency to flocculate increases 
with the age of the pinacyanol, but this is a point to be taken up by 
the maker rather than the user of the dyes. The iodide ion intro- 
duced by dissociation of the relatively soluble pinaflavol may also 
increase the tendency, since iodide is the most effective of the halides 
in causing flocculation of pinacyanol; but it can not account for the 
entire effect. 





™“ Pina” Handbuch, 10th ed. 
101062°—30——7 
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Several of the methods of bathing recommended in the literature 
suggest themselves as expedients for avoiding the flocculation, but 
are unsatisfactory for other reasons. The addition of sufficient 
alcohol to stabilize the pinacyanol almost destroys the effectiveness of 
the penaRaves. The dye mixture is stable when acidified to approxi- 
mately pH 2, and plates may be bathed in this and subsequently 
hypersensitized in ammonia. An acid dye bath followed by alkali 
is recommended for certain other dyes which decolorize in very 
faintly acid solutions,® but in this case there is a serious tendency to 
irregularities, and the spectral sensitization is no better than is ob- 
tained from successive baths of the dyes. The method recommended 
by K6nig,® which consists in bathing with solutions of dyes in 95 per 
cent alcohol, drying, and washing in water, gave weak sensitization 
by both dyes, but especially by pinaflavol. Jacobsohn ” reports 
similar results. 

As already reported " quinoline or pyridine greatly reduces the 
flocculation of isocyanine and carbocyanine dyes. This is probably 
because the dyes, at the concentrations recommended in these papers, 
go largely into true solution in the diluted pyridine or quinoline. 
Flocculation may not be prevented entirely. Jacobsohn ” reports 
that the formula recommended by Carroll * caused specks on motion- 
picture film, although he followed directions scrupulously, and 
obtained good spectral sensitization. Since publication of the note 
by Carroll, we have had difficulty with specks on a film sensitized 
in this manner, and it seemed possible that something extracted 
from the film base had caused the difficulty. It was in this case, 
however, readily traced to the mechanical arrangements used for 
bathing. The plates used in the earlier experiments had been sup- 
ported vertically in a tank, while the film which had given the 
trouble had been laid emulsion up on the bottom of a tray. On re- 
peated tests, both with plates and with cut and roll films, no specks ap- 
peared on materials supported vertically or emulsion down, while those 
supported horizontally, emulsion up, in the same bath, were ruined. 
This precaution seems desirable in any case where a dye bath is used 
without continuous agitation. 


2. CHOICE OF SOLVENT AND CONCENTRATION 


We compared sensitization by the mixed dyes in plain aqueous 
solution, and in 1 per cent solutions of pyridine or borax. The tables 
give the data on sensitization of three different emulsions; the values 
in Table 1 are the average of two to four separate experiments, while 
those in Tables 2, 3, and 5 represent tests on two plates treated in 
the same bath. In all the experiments listed in Tables 1, 2, 3, and 
in the ‘‘dilute”’ baths of Table 5, both dyes were at a concentration of 
4 mg per liter (‘1 : 250,000”). The plates or films were rinsed 
for five minutes in one or two changes of cold distilled water (running 
tap water may be used in most places), then bathed for two hours at 5° 
to 10°C. An alcohol rinse assists in drying and in removing dye from 
the surface of the emulsion; but as it could not be used on the films, 
it was also omitted after bathing the plates. 








® Von Hiibl, Koll, Zeit., 27, p. 263; 1920. Dundon, Am. Phot., 20, p. 670; 1926. 
* Konig, Phot. Korr., 54, p. 126; 1918; also Pina Handbuch. 

10 See footnote 2, p. 693. 

11 Renw ick and hoe! h, Phot. J., 60, p. 145; 1920; also see footnote 1, p. 693. 

12 See footnote 2, p. 693. 

13 See footnote 1, p. 693. 
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On comparing the plain aqueous baths with those containing borax 
or pyridine, there appears to be no advantage in the use of borax. 
Pyridine caused a slight increase in sensitization of the Eastman 
36 and Portrait film (Table 1) and a marked one with the Seeds 23 
(Table 2). The improvement in green sensitivity was very notice- 
able in actual spectrographic use (with Eastman 33 plates). It 
is demonstrated by the microphotometer records of spectrographic 
exposures illustrated in Figure 1. These were made with a small 
concave grating, 0.5 m radius, 15,000 lines per inch, mounted in 
parallel hght. The dispersion in the first order is 50 AU per mm. 
A Tungsare lamp, which has a color temperature somewhat higher 
than that of the normal gas-filled tungsten lamp, was used for the 
light source, a simple lens throwing an image of the tungsten ball, 
enlarged 2% diameters, on the slit of the spectrograph. The intensity 
was so high that a satisfactory range of exposures on fast emulsions 
was obtained with a camera shutter working at one-fiftieth to one-half 
second; this eliminates one of the objections to spectrographic tests 
of spectral sensitivity. The mercury arc spectrum was super- 
imposed on that of the continuous source to give the wave-length 
scale. Plates were developed by the brush method. Densities were 
measured with a Moll microphotometer, a series of known densities 
being recorded with each spectrograph exposure for calibration. 
As with other physical photometers, the scale is linear as to trans- 
mission and logarithmic as to density, so that it is necessary to work 
at low densities. This is, however, desirable in determining the 
variation of sensitivity with wave length, since variations tend to 
disappear in case of overexposure. The curves in Figure 1 were made 
from Kastman 33 plates, bathed for two hours at 10° to 13° C.in solu- 
tions containing 4 mg per liter each of pinacyanol and pinaflavol. 
The solvent was in the first case water; in the second, 1 per cent 
pyridine. The plates were washed, bathed, and dried under other- 
wise identical conditions. The exposures recorded were selected to 
give approximately the same average density; the time for the second 
curve was the shorter. The magnitudes in Table 4, read from 
these curves, emphasize the change in relative spectral sensitivity 
produced by the pyridine in this case. Values of D (relative energy) 
are based on an assumed energy distribution in the spectrograph corre- 
sponding to a color temperature of 3,000° K. taking the value at the 
maximum in the blue as 1.0. 


TABLE 1.—Comparison of dye baths; average values 
EASTMAN 36 (EMULSION 2250) 





White light exposure “Minus Blue” filter exposure | 





Mf 








Speed 


Untreated controls 4 0, 9: 
Plain aqueous bath E J 5 , 
Bath containing 1 per cent borax : 
Bath containing 1 per cent pyridine--- . 1. 04 





x 


1, 23 
1, 43 
1. 28 
1.3) 














PAR SPEED PORTRAIT FILM (EMULSION 8112) 


Untreated controls ; . 1.24) 1. 8.9 
Plain aqueous bath 7 1.01 | 1.55) 26 
Bath containing 1 per cent borax. - ---- 1. 21.5 
Bath containing 1 per cent pyridine- -- 1. 26 
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TaBLE 2.—Comparison of dye baths; Seeds 23 (emulsion 7743) 





White light “A” filter | ‘B” filter 





a 
12 6 12 | | 3 

















Plain aqueous bath-- 5 , . 1.70 ° 0.92 | 1.34 | 2.00 | 12.8 | 0. 59 


Bath containing 1 | 
per cent pyridine ‘ .37 | 1.90 .84 | 1.28 | 1.63 16.0 | . 86 





























TABLE 3.—Keeping qualities of bathed materials 
EASTMAN 36 (EMULSION 2250) 





“oc . ” 
White light exposure mange es a 














Plain aqueous bath — : pov. bors ht Ni . = 
Bath with borax — : an aaa = 
Bath with pyridine red : pon hers . a : ° 3 








PAR SPEED PORTRAIT FILM 








{After 1 day | 190} 0.75] 1 i 0. 98 
After 1 month.....| 130] .63/ . . 5 - 82 
ane Ot .88 1k : . 88 
Bath with borax.......-- --\ After 1 month.....| 148| 70] 1. ; 98 


A After 1 143 | 199 ; 
Bath with pyridine ned eee 50 | cS oe E 100 


Plain aqueous bath 


f After 1 day 


























TaBLE 4.—Comparison of spectral sensitivity of Eastman 33 plates bathed with 
pinacyanol-pinaflavol mixtures (1) in pure water, (2) in 1 per cent pyridine 





(1) Pure water | (2) 1 per cent pyridine 





D/relative D D/relative 
energy energy 





0. 39 
- 22 
72 


























The pyridine ruined the keeping qualities of the plates recorded 
under Tables’1 and 3, although in previous experiments “ and in 
practical use, plates sensitized in this way have remained in good 
condition for a month. The pyridine which had been used was 


» found ® to contain substances reducing permanganate, and on re- 


yy 
et 








4 See footnote 1, p. 693. 
's Reducing materials can be simply detected by adding two drops of tenth normal potassium perman- 
ganate solution to 5 ml of pyridine; the red color should be practically unchanged for at least an hour. 
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peating the tests with material which had been boiled with neutral 
permanganate solution and distilled off, the keeping qualities of the 
plates were much improved. (Table 5.) 

The condition of the dye is also important from this standpoint. 
Our stock of dyes is protected from light and moisture and kept in q 
refrigerator, but deterioration is usually noticeable after one or two 
years, and both dyes were two years old when these experiments 
were completed. 

The principal objection to the dilute baths is the long time of 
bathing, especially as it is desirable to keep all sensitizing baths cold 
It was found possible to make up more concentrated baths, even in 
pure water. These sensitized in three minutes, with rocking. Con- 
parative data are given in Table 6. The “concentrated” bath con- 
tained 30 mg of pinaflavol and 15 mg of pinacyanol per liter, the 
“intermediate” 10 mg per liter of each dye. It is evident from the 
data that the results, especially with the films, were better with the 
dilute bath and long time. The difference was much smaller with 
the Seeds 23; the “intermediate”? bath produced good sensitization, 
and can be recommended for use with this emulsion. The sensitiza- 
tion produced by prolonged bathing in dilute dye solutions is more 
evenly distributed over the plate than when more concentrated solu- 
tions are used for a short time. 

Exhaustion tests were made on the ‘‘concentrated’’ baths by 
bathing successively six 5 by 7 Seeds 23 plates, prewashed in tap 
water, for three minutes each in 100 ml of bath containing 3 mg of 
pinaflavol and 1.5 mg of pinacyanol. They were tested with an 
Eder-Hecht wedge, judging spectral sensitivity from the filter strips. 
With 1 per cent pyridine in the bath, the sixth plate had almost the 
same green sensitivity as the first, and about three-fourths the red 
sensitivity, although the bath was flocculated and noticeably weaker. 
Without the pyridine the bath flocculated seriously, and the last 
plate had less than one-third the red sensitivity of the first. In 
spite of the flocculation, agitation of the bath and an alcohol rinse 
almost entirely prevented spots on the plates. Repeated use of 
these mixed baths seems undesirable; if the concentration of 10 mg 
of each dye per liter is used, the cost of fresh dye bath for each 5 by 7 
plate is approximately 1 cent. 


TaBLE 5.—Stability of Seeds 23 pilates bathed with pinacyanol-pinaflavol mixtures 
in solutions made from pyridine refluxed with K MnO, solution 





| 
White light exposure “Minus Blue’”’ filter exposure 





Time efter bathing 





Re eee 
1 month 
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TABLE 6.—Comparison of “‘dilute’’ and ‘‘concentrated”’ baths 
PAR SPEED PORTRAIT FILM (EMULSION 8112) 








‘Minus Blue”’ filter 


White light exposure exposure 
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in '  “Concentrated’’ bath in pure water (3 min- 
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te i — pi 
the SEEDS 23 (EMULSION 7743) 


2. oT 


} | 
on | “Dilute” bath in pure water (2 hours) ---...--| | 0.86 | 1.21 | 1.7 
ey “Intermediate”? bath with 1 per cent pyridine | 
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pe The use of pinacyanol and pinaflavol for spectral sensitization is 


ips complicated by the tendency to flocculation of the mixed dye baths. 


the Pyridine is found to be useful both as stabilizer and hypersensitizer ; 
ue borax has little or no value for the latter purpose. Conditions for 
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PERFORMANCE OF THE FAHY SIMPLEX PERMEAMETER 
By Raymond L. Sanford 


ABSTRACT 


This report gives the results of a test of the Fahy Simplex permeameter which 
has come into quite general use for magnetic testing. The magnetic standards 
employed had previously been found to be sufficiently uniform to give results in 
the Burrows permeameter estimated to be accurate within less than 1 per cent. 
The experimental results indicate that the Simplex instrument is accurate within 
about 2 per cent with uniform bars, and that it gives more consistent and appar- 
ently more reliable results for nonuniform specimens than does the Burrows 
permeameter. 


CONTENTS 


. Introduction 
Description of the instrument 
Observations and results 
1. Accuracy under normal conditions 
2. Effect of length of specimen 
3. Effect of area of specimen 
4. Effect of contact reluctance 
5. Effect of nonuniformity in specimen 
6. Hysteresis determinations 
7, Summary and conclusions 


I. INTRODUCTION 


From the standpoint of simplicity and convenience of operation, 
the Fahy Simplex permeameter has certain advantages over other 
ballistic methods for magnetic testing, and its use has become quite 
general. Several years ago this instrument was adopted by the 
Bureau of Standards for routine testing. The decision was based 
primarily on statistical evidence collected during a period of about 
five years which indicated that, on the average, the Simplex is in 
satisfactory agreement with the Burrows permeameter, which has 
long been accepted as standard. Moreover, it seemed probable 
that the Simplex was more apt to give a good indication of the aver- 
age properties of a nonuniform test bar than the Burrows perme- 
ameter, which is particularly sensitive to the effect of nonuniformity. 

The desirability of a more definite and conclusive check on the 
accuracy of the Simplex instrument has been fully realized from the 
beginning, and experimental work has been in more or less continuous 
progress for several years. ‘The only conclusion that could be drawn 
from most of the results, however, was that although the two methods 
generally do not agree, the differences are not consistent either in 
sign or magnitude. The source of the discrepancy was finally 
traced to the influence of nonuniformity in the specimens to which 
the Burrows permeameter is particularly sensitive. The check on 
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the Simplex was, therefore, deferred until more satisfactory standards 
could be obtained. As the result of the work on this phase of the 
problem, which has been described in a previous paper,' four magnetic 
standards of satisfactory quality were obtained. Although it would 
be better to have a larger number of standards covering a greater 
range of permeability, it was felt that tests even with this limited 
number should be undertaken at once. The results of the tests, 
which are here reported, justify the continued use of the Simplex per- 
meameter for general magnetic testing. 


II. DESCRIPTION OF THE INSTRUMENT 


The Fahy Simplex permeameter ?” consists essentially of a laminated 
electromagnet, across the poles of which the specimen is clamped, 
together with test coils for the measurement of magnetizing force and 
magnetic induction. The instrument, with a specimen clamped in 
place, is shown in Figure 1. 

The test coil for measuring the induction is wound uniformly on a 
brass form, split to avoid the effect of eddy currents, which extends 
over the whole length of the specimen included between the pole 
pieces. When this coil is connected with the galvanometer the 
deflection upon reversal of current in the winding of the electromagnet 
is proportional to the magnetic induction in the specimen. Suitable 
corrections are made for the flux in the air space between the specimen 
and the test coil. 

The magnetizing force is determined by means of another test coil 
of many turns uniformly wound on a nonmagnetic form which extends 
between two soft iron blocks. These iron blocks are clamped against 
the ends of the specimen opposite the pole pieces. When this coil is 
connected to the galvanometer, the deflection upon reversal of the 
magnetizing current is proportional to the difference of magnetic 
potential between its ends. The iron blocks serve in effect to transfer 
the ends of the coil to the ends of the specimen so that the deflection 
is proportional to the average magnetizing force acting over the whole 
length of the test bar. The small error due to the reluctance of the 
iron blocks and leakage from the ends of the specimen is corrected by 
using a constant for this H coil slightly different from the experi- 
mentally determined value. The proper constant to use is specified 
by the maker. 

The usual switches and rheostats are employed to control the mag- 
netizing current, and the galvanometer is calibrated by means of a 
standard mutual inductor in the regular way. 


III. OBSERVATIONS AND RESULTS 


Experience with the Simplex permeameter over a period of several 
years has shown that the apparatus gives consistent and reproducible 
results. It is always possible to check results on a retest within the 
allowable experimental error. In checking the performance of the 
apparatus, the accuracy of measurement was first determined by 
using the standard bars under normal conditions. These bars had 





! Sanford, Standards for Testing Magnetic Permeameters, B. S. Jour. Research, 4 (RP140), p. 177; 
February, 1930. 
? Fahy, Chem. and Met. Eng., 19, p. 339; 1918. 
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igure 1.—The Fahy Simplex permeameter 
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been previously calibrated by testing with the Burrows permeameter, 
whose accuracy with uniform bars is well within 1 per cent. Deter- 
minations were then made of the influence of various factors which 
might affect the accuracy. The following factors were considered: 
Length of the specimen, area of the specimen, variations in contact 
reluctance, and nonuniformity of the specimen. The use of this 
method for testing laminated specimens of sheet material has already 
been investigated.* A check was also made of the accuracy of hys- 
teresis determinations. 


1. ACCURACY UNDER NORMAL CONDITIONS 


The results of the test under normal conditions are shown graphi- 
cally in the curves of Figure 2. The majority of the points obtained 
fall upon the Burrows curves well within the experimental error, 
differences rarely exceeding 2 per cent excepiing at low values of 
induction where the precision of reading is necessarily low. The 
maximum permeability of the standards ranges from 375 for No. 290 
to 1,950 for A-82. This covers the range of values met with in 
ordinary testing very well except, perhaps, in the cases of magnet 
steel and electrical sheet. Bar No. 290, however, is not much higher 
in permeability than tungsten or chromium magnet steels. The 
results of the previously published investigation * showed that a 
similar degree of accuracy is obtained with laminated specimens 
having permeabilities as high as 6,000 provided that the sample 
consists of not more than 15 strips having a width of not less than 
3cm. Thus it would appear that under normal testing conditions 


the Fahy Simplex permeameter gives an accuracy comparable with 
that of the Burrows method which is estimated to be well within 1 
per cent. 


2. EFFECT OF LENGTH OF SPECIMEN 


One factor which might be expected to affect the accuracy of the 
Simplex apparatus is the length of the specimen. If there is an 
appreciable projection beyond the pole pieces, it might be expected 
that there would be a direct reaction on the coil used for measuring 
magnetizing force. This point was investigated by making tests 
with a bar which projected beyond the poles approximately 10 cm 
at either end. No appreciable difference was found when the bar 
was again tested after cutting off the projecting ends. 


3. EFFECT OF AREA OF SPECIMEN 


No positive test could be made on the effect of area alone. It 
might appear feasible to take a bar having the maximum cross section 
for which the apparatus is adapted and machine it to various smaller 
sizes, comparing the results of tests made for each area. This is not 
a safe practice, however, as machining inevitably introduces a certain 
degree of mechanical strain which has a relatively large effect on the 
magnetic properties. Comparison with the Burrows using a bar 
machined to successively smaller and smaller areas was not feasible 
because no bar sufficiently uniform for the purpose was available. The 





Sanford and Barry, Determinations of the Magnetic Induction in Sheet Steel, B. S. Sci. Papers, 21, 
Pp. 757; 1927. 
‘ See footnote 3 
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effect within the range of areas represented by the standards, however, 
is negligible. The areas range from 1.00 cm? to 1.92 cm’. This covers 
the values ordinarily met with and it seems reasonable to assume that 
any appreciable effect due to area would be noticed in this variation 
of nearly 2 to 1. 


4. EFFECT OF CONTACT RELUCTANCE 


If the iron blocks at the ends of the H coil do not make good con- 
tact with the test specimen, the H values are too low. If a reason- 
able amount of care is exercised in adjusting the contact pressure, 
however, little trouble will be had. 


5. EFFECT OF NONUNIFORMITY IN SPECIMEN 


In order to check this point, a test was made with a bar having a 
magnetically hard spot approximately 6 cm from the middle. The 
results are shown in Figure 3. The change in the location of the hard 
spot within the test coils makes very little difference in the indica- 
tions of the Simplex, although with the Burrows permeameter a 
variation of approximately 20 per cent was noted. This would ap- 
pear to justify the conclusion that the Simplex gives more consistent 
and reliable results on nonuniform bars than does the Burrows. 


6. HYSTERESIS DETERMINATIONS 
The results of hysteresis determinations are given in Table 1. 


TABLE 1.—Hysteresis data 
Hmaz=200 


[Inductions in kilogausses; magnetizing forces in gilberts per cm] 


Maximum | Residual Coercive 
induction | induction force 





sStandard_-. 18. 83 
(Simplex - _- 18. 90 
sStandard_. 18. 99 
~\Simplex _ _- 18, 87 
bn andard__ 16. 09 
~\Simplex _ _- 16.19 
‘sim andard__ 16. 70 

Simplex - 16. 68 





i 2 








It would be desirable to make tests with specimens having much 
higher values of coercive force, but, unfortunately, no bars of hard- 
ened magnet steel have been found sufficiently uniform to obtain 
reliable values with the Burrows apparatus. In general, however, 
in view of the results given in the table, it seems reasonable to expect 
that a satisfactory degree of accuracy would be obtained. 


IV. SUMMARY AND CONCLUSIONS 


The increasing use of the Fahy Simplex permeameter for magnetic 
testing is due, for the most part, to its simplicity and ease of operation. 
There has been some uncertainty as to its accuracy, because the results 
of tests made with this instrument generally do not agree with those 
made on the same specimen with the Burrows permeameter which for 
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many years has been accepted as standard. There is, however, no 
systematic difference, and the Bureau of Standards, some years ago, 
adopted the Simplex instrument for routine magnetic testing. 

The principal source of discrepancy lies in the inhomogeneity almost 
invariably found in magnetic test specimens. In view of the fact that 
the Burrows permeameter is exceedingly sensitive to the effect of 
magnetic nonuniformity in the specimen, it is not fair to conclude that 
differences between the Burrows permeameter and any other testing 
method are errors in the other method unless the test specimens are 
known to be uniform. 

Tests under normal conditions, using as magnetic standards speci- 
mens which have been checked for uniformity and found to be satis- 
factory, show that the Fahy Simplex permeameter gives values of 
induction corresponding to given values of magnetizing force which 
are accurate within 2 per cent and that a comparable degree of accu- 
racy is obtained in hysteresis determinations. So far as there is evi- 
dence available, this holds throughout the range of cross sections for 
which the instrument is adapted. With reasonable care in clamping, 
there is no appreciable error due to contact reluctance. Also, projec- 
tion of the specimen beyond the apparatus does not introduce appre- 
ciable errors. For nonuniform specimens, the results with the Sim- 
plex instrument are more consistent and probably represent the aver- 
age properties of the material better than those obtained with the 
Burrows permeameter. 

These results confirm those previously obtained with sheet steel and 
lead to the conclusion that the continued use of the Fahy Simplex 
permeameter for routine magnetic testing is justified and that the 
instrument is suitable for general testing. 


Wasuineton, December 5, 1929. 








LIGHT SCATTERING IN LIQUIDS 
By R. M. Langer! and William F. Meggers 


ABSTRACT 


The theory of light scattering is discussed with special reference to the follow- 
ing points: Comparison between coherent and incoherent scattering, variation 
of intensity with frequency of exciting light, nature of frequency shifts, and loca- 
tion of energy levels which play a réle. 

An efficient experimental arrangement for investigating the spectra of mercury 
arc light scattered by liquids is described in detail, and numerical data are given 
for the modified lines observed for benzene (CsH¢), toluene (CsH;CH3;), chloro- 
form (CHCl;), and carbon tetrachloride (CCl,). From the wave numbers of 
the modified and unmodified lines the frequency shifts (em-') characteristic of 
the liquids are determined as follows: (CsHs) 605.7, 848.6, 992.1, 1177.3, 1585.2, 
1604.5, 2946.9, 3045.4, 3060.1, 3185.0?; (CsH;CH;) 217.3, 521.0, 622.6, 785.8, 
1003.3, 1031.8, 1208.7, 1379.4, 1604.5, 2920.2, 3053.9; (CHCl;) 261.1, 365.8, 
668.4, 760.1, 1215.0, 3018.7; (CCl,) 218.8, 313.9, 459.3, 758.1, 789.2, 1539. Com- 
parison of these results with the available data on infra-red absorption spectra 
shows no simple, direct correspondence, and the exact connection of constants 
derived from the study of light scattered by complex molecules with other molec- 
ular data remains obscure at present. 
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I. INTRODUCTION 


A large measure of the interest attaching to the recent experiments 
on incoherent scattering, first observed by Raman and Krishnan,’ is 
due to the theoretical connection between the frequency shifts in 
scattered light and the energy differences among various possible 
states of the scattering system. Experimenters tried at first to 
connect every Av with some absorption line of the system and 
sought mainly in the infra-red spectrum for such lines. Encouraged 
by some coincidences the correlation was forced in many cases where 
agreement was only approximate and even large discrepancies were 
attributed to experimental errors. The theory discussed from a 
point of view, such as the one developed later in the present paper, 
shows that the connection is by no means so simple an direct. The 





1 National Research Fellow. 
? Raman and Krishnan, Indian J. Phys., 2, p, 399; 1928, 
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discussion indicates that there is a much more interesting and im- 
portant relation between the shifts in scattered light and the energy 
states, of such a nature that the infra-red (and other) investigations 
would be nicely supplemented by light-scattering studies and vice 
versa. 

Work in the infra-red is difficult experimentally and the data 
obtained are so very complicated that in spite of their extreme in- 
terest no considerable systematization has been effected. If the 
incoherent scattering proves as helpful as it promises at present the 
enthusiasm with which the first workers* took up the subject will be 
amply justified by the advances which must follow. 

The hope that the data obtained from light-scattering experiments 
may prove important in the study of complex molecules makes it 
seem desirable to get such data with greatest possible accuracy. 
Unfortunately the publications which have appeared on this subject 
have disregarded practically all the requirements of precision and 
have devoted themselves mainly to more or less qualitative descrip- 
tions of the phenomena. Because of this we have thought it worth 
while to report some of the measurements made by us during the 
past year at the Bureau of Standards. In these measurements an 
attempt has been made to get the best numerical values possible with 
the apparatus available. 


II. THEORETICAL 


In designing an apparatus for scattering experiments it is advisable 
to consider the nature of the phenomenon from the theoretical side. 
There is so far no significant experimental evidence that the quantum 
mechanical description of the process of incoherent scattering after 
the method of Dirac‘ is faulty in any observable detail. The formula 
for such scattering can be derived by wave or matrix mechanics or 
with the help of intuition from the correspondence principle as was 
originally done by Kramers and Heisenberg.® 

The energy scattered per second by N; molecules in some particular 
state, k, polarized parallel ® to the incident radiation of the same fre- 
quency, v, and coherent with the incident radiation is 


(2 


. SreYEN,| P 4 1 
Ok i ES A r| +4] (1) 


h?c° Vnk— VY 





The corresponding expression for the scattering of modified wave 
length y+», from the same molecules due to the same illumination is 


Yi _ 82% e* smear |S 1 1 " 9" 
Sy = he vik? N, Be ApnAin | tS | (2) 

In these expressions £ is the electric vector of the incident light. 
The subscripts k, 1, and n refer to various quantum states. The 





’ Pringsheim and Rosen, Zeitschr. f. Phys., 50, p. 741; 1928. Wood, Phil. Mag., 6, p. 729; 1928. Bleeker, 
Zeitschr. f. Phys., 50, p. 781; 1928. Venkateswaran, Phil. Mag., 7, p. 597; 1929. No attempt is made in 
this paper to give a complete bibliography of the literature. 

4 Dirac, Proc. Roy. Soc., All4, p. 710; 1927. 

5’ Kramers and Heisenberg, Zeitschr. f. Phys., 31, p. 681; 1925. : 

6 By considering the more general expression for any state of polarization one can see why some modified 
lines might be more completely polarized than the coherent scattered light. The effect is connected with 
the fact that all states, k, and all transitions k-n contribute to the unmodified scattering, while only par- 
ticular transitions, kn and /—n are involved in the scattering of a particular modified frequency, vrai. 
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quantities A;n, for example, are the matrix elements of the moments 
corresponding to the transitions k—n; that is 


Ain ~~ S Lyidndr (3) 


In such a transition there could be light absorbed or emitted of fre- 
quency ¥%:—VYn=Vin, Where », for example, is the frequency in the 
state, k. If lis above k, v must be greater than »,,. The sign of 
Yyn determines whether it is an absorption or emission frequency. 

One of the most important characteristics of expressions (1) and (2) 
is the first power dependance on the intensity, H’, of the incident 
light, and on the number, N;, of molecules (or atoms) in state k. 
Of course the theory underlying (1) and (2) involves the same restric- 
tions which apply to the corresponding classical theory and therefore 
the limitations of the previous remark are similar. 

To make comparison between (1) and (2) easier we can rewrite 
them 

8x°e* [2 
We 


‘ 2 
2A knY nk 
= rae | 


Ss YEN, |» (4) 
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(5) 


In the usual case, ¥n;—¥nx=Yy is small compared with v+y_x(vy 
is commonly less than 3,000 cm) and we may write as an approxi- 
mation to (5) 


Stu= he vtE?N, (6) 


Sr'et ; Ly: A pnAinnk + Yn) ee Vel ) 
s 2 


reat Fh Var tv 


The sum +, is usually not very different from 2v;, so that the 
terms corresponding to any state, n, in the two expressions (4) and 
(6) will be approximately in the ratio A;,:Ar,. It is therefore possible 
that for some molecule or atom a particular modified frequency 
v-+vy might be scattered more strongly than the unmodified v. 
However, for incoherent scattering two conditions must be fulfilled 
simultaneously (Ay,#0,Aj,#0) and then only certain combinations of 
states k and / will give a common modified frequency, while for coher- 
ent scattering only one A,» need differ from zero and all states, k, 
will give the same coherent scattered frequency v. It follows, there- 
fore, that the coherent scattering will be much stronger in almost 
every case. This will appear very much the rule when one considers 
the way the values for the quantities, A,,, run ordinarily and the 
states, k, which exist under ordinary conditions. However, the factor 
of several hundred or more by which the unmodified scattering 
usually exceeds the modified seems too large. 

The dependence on the exciting wave length brings out a related 
difficulty. According to (4) and (6) except for a very slowly varying 
term in (6) the two expressions contain v in the same way and, there- 
fore, the relative intensity should be independent of wave length. 
This is not quite true because the observed scattering comes from all 
possible states, k, and the values of S‘,/S%, as well as those of »;, will 
vary with k, However, in most cases actually encountered in scatter- 
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ing experiments there is either only one important state, k, or else the 
Yen's and the A,,’s are effectively the same for all values of &. And 
yet the intensity of the modified radiation seems to increase relative 
to that of the unmodified as one goes in the direction of increasing 
frequency. 

The surprisingly large ratio S°,/S‘,, as well as its increase with wave 
length can, perhaps, be explained in part as being due to the non- 
linearity of the characteristics of the photographic plates, but several 
experiments indicate this effect to be only a small one in most cases. 
It seems more plausible to attribute these anomalous effects to false 
reflections from the container walls or from foreign matter suspended 
in the scattering material. Such spurious scattering even though re- 
duced with care might still enhance the intensity of the unmodified 
radiation manyfold and would, moreover, naturally be much weaker 
in the ultra-violet. It would, of course, not influence the modified 
scattering. The same cause might account in part for the fact that 
the polarization of unmodified radiation is never so complete as that 
of the modified. Another effect which certainly acts in some cases 
apparently to weaken the modified lines in the visible is the general 
fluorescence of the scattering substance or the container walls. Such 
fluorescence is uncommon in the ultra-violet and, moreover, being 
continuous is apparently reduced in intensity because of the increased 
dispersion of prism spectroscopes in the shorter wave lengths. 

After this discussion of the relations between the properties of 
the coherent and the incoherent parts of the scattering we can profit- 
ably devote some attention to the special characteristics of the latter 
as described by (6). The frequencies, v+»;,, whose intensities are 
given by (6) are either greater or less than v depending on the sign 
of »%,. For any frequency change, »;,, there is in principle another 
of the opposite sign, vy, due to molecules in state / because the 
expression for this frequency will be almost the same except for the 
factor N, instead of N;, to represent the number of effective atoms. 
The relative intensities will, therefore, depend according to Boltz- 
mann’s law on the energy difference between the two states, k and 1. 
This factor relating to the number of atoms in the initial states does 
not entirely determine the intensity ratio between ‘‘Stokes” and 
“‘anti-Stokes”’ lines. The other factor becomes important when the 
exciting frequency, v, is close to vj, Or v,; and a denominator in (2) 
or (6), therefore, becomes large. Of course this will not matter 
much unless the energy difference between states k and / is rather 
small, for otherwise the exponential factor will outweigh the effect 
of the small denominator. Depending on whether » is close to vz 
or vz; the “Stokes” or the “anti-Stokes” line may become more 
intense. 

The case in which the exciting light is near an absorption line has 
not heretofore been of importance, but very probably the most 
interesting scattering experiments of the future will deal with such 
cases. When such zero denominators occur the scattered incoherent 
frequency coincides with some emission frequency which is therefore 
anomalously strong in coherent scattering. On this account it would 
be hard although by no means impossible to detect such strong 
incoherent scattering.’ 





7It is worth mentioning that the frequencies of very strong atomic fluorescence are likely to have 
both coherent and incoherent components. 
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Since the condition for scattering of frequency v+»,; is the non- 
vanishing of the two matrix elements A;, and A;, for some value 
of n, ver 18 always the difference between two possible emission fre- 
quencies of the system; that is, »,, and v;, are such frequencies and 
Ve1=Ven—Vine One of these, »;,, must be an absorption frequency 
because the atoms are in state k, but v;, may not be observed in 
absorption if both / and n correspond to high energy states. Corre- 
sponding to any initial state, k, there may be many states, /, each of 
which will contribute a modified line. There may, moreover, be a 
number of states, k, which exist in sufficient concentration to serve 
as initial states. ? 

The most characteristic feature of the scattering with change of 
frequency is that the magnitude of the frequency shift »,; is inde- 
pendent of the exciting frequency ». Data which show erratic values 
of v,; corresponding to different exciting lines must be inaccurate 
and we have found no such considerable variations. 

The frequencies »;; need not be emission or absorption frequencies 
of the system. They may, of course, coincide with these and when 
practically all the systems are in the lowest level; that is, when the 
next level is so high that at the existing temperature the fraction of 
molecules having the necessary energy is negligible, the »,; will very 
likely also be absorption frequencies. In complicated molecules or 
in atoms with many optical electrons (high multiplicity in the lowest 
term), or in simple molecules because of selection rules the »;; are 
likely not to be observable as absorption lines. There are still other 
cases which could be deduced from (6) in which the »,; would be 
neither absorption frequencies nor emission lines. 

An interesting question to decide is the location of the levels, n, 
which are important in contributing to a modified line. Of course 
the primary requisite is that the denominators A;, Ai, must be 
appreciable. Usually only a few states, n, will satisfy this condition 
or if there are many they will be fairly close in energy and there will 
be either a single or a narrow range of important values of »%,». Of 
course the important »;, may change, depending on the frequency of 
exciting light because different denominators may then become small, 
but all these cases can be discussed sufficiently well by considering 
that there is only one state, n, which combines both with k and with /. 
The state n may belong to the same electronic level as k and / so 
that »;, will be an infra-red frequency usually or it may belong to 
another electronic level, in which case »;, would most likely be in the 
ultra-violet. The transition probabilities are likely to be larger for 
the transitions involving electronic changes and on that account 
states n in the same electronic level will be unimportant. In addition, 
the term v,,+v_; in the numerator of (6) is comparatively very small 
for these states. Finally, since the exciting light is always visible or 
ultra-violet, it is never close to »;, so that there is no chance for a 
very small denominator. It seems, therefore, safe to conclude that 
the transitions n—k and n-—l which play a part in the incoherent 
scattering are electronic transitions involving large energies. For 
very large energy changes, however, the value of (6) again becomes 
small and varies as v,,~? so that even if Aj», Az, were large for such 
transitions they might make little contribution to the scattering. 

_ The dependence of the incoherent scattering on wave length of 
incident light is, as has already been mentioned, very nearly the same 
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as in the case of coherent scattering. Certain differences and special 
features might well be emphasized. The first is the restriction that 
if »,; is negative, vy must be greater than vy. This condition is almost 
always satisfied because the »;; are infra-red frequencies while yr is 
visible or ultra-violet. Of greater practical significance is the fourth 
power increase of (6) with frequency and the additional increase as v 
approaches an absorption frequency »,;. If v is less than »,, the com- 
bined effect of these two factors is to make S*,,; increase faster than 
the fourth power of v. After v exceeds v,,;, the scattering first decreases 
as v increases, then tends to become constant in the limit when 
v/Ynx>1. The ordinary case is vp, > v so that we expect to find a 
very rapid increase of scattering coefficient with v. If, however, v,, 
is an infra-red frequency we should find little or no increase of inten- 
sity in going toward the ultra-violet. An approximate expression for 
all these cases can be written 


Sua S,(1 -"s5) , (7) 


lil. EXPERIMENTAL 


Every element of volume subject to illumination scatters accord- 
ing to (4) and (6) a certain fraction of the incident energy. It is 
therefore desirable in investigating the scattering to use as bright a 
source as possible and illuminate as much as possible of the useful 
space available, namely, the space included in the aperture of the 
spectrograph. It is important to have the boundaries of the scatter- 
ing substance outside the spectrograph aperture at least in the por- 
tions subjected to bright illumination because these boundaries at 
which there is a change of refractive index have a reflection coefficient 
which usually is enormously larger than the scattering coefficient of 
the transparent homogeneous substance under investigation. 

The natural arrangement of apparatus from the point of view of 
the previous paragraph is a cylindrical vessel containing the scatter- 
ing substance on the axis of the spectrograph and a cylindrical light 
source placed parallel to the scattering tube and as close to it as con- 
venient. A source concentric with the scatterer would also be desir- 
able, and it was tried in the present work. It gave good results 
after a cooling system was worked out, but it broke before much was 
accomplished. Somewhat the same effect can be attained by using 
reflectors all around the source and scattering tube. 

Practically all of the data given in this paper were obtained with 
a special arc designed to satisfy the requirements of high intensity, 
proper size and shape, and ease of construction and operation. The 
source referred to is a mercury arc, operated in a quartz capillary 
open to the atmosphere. Figure 1 is an example of a very convenient 
shape of such an are showing the essential features of design. The 
capillary which was most used had a bore of 2 mm and a length of 
about 7.5cm. At the top and bottom of this length the tube widened 
rather suddenly so that there was an abrupt increase of conductivity 
and heat capacity. This limited the arc to the capillary part, because 
outside of this the heat could be dissipated rapidly enough to keep 
the temperature below boiling. The arc was started by heating the 
capillary part until a vapor space formed. Then a switch was closed 
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so that when the vapor condensed a circuit was closed, an are was 
struck, and the lamp was plunged under water. The applied poten- 
tial was 220 volts and a heavy rheostat in series limited the current 
to about 10 amperes. The arc quickly forces the liquid back to the 
wider portions and if the resistance is suitable will burn there, taking 
a current of about 3 amperes with a potential drop of somewhat 
over 100 volts across the arc. 

If no further precautions are taken, the are is sure to hammer 
because of its instability, This renders the arc practically useless 











IRON ELECTRODE 
SEALED IN WAX 











IRON ELECTRODE 
LOOSELY GROUND pay 
INTO QUARTZ IAF 
CONSTRCTION 












Hg 







ROUGHLY 
GROUND JOINT 


Hg 























QUARTZ 
CAPILLARY 
2mm BORE 





















SQN MT 





Ficure 1.—Quartz mercury arc used in the investiga- 
tion of light scattering in liquids 





and, moreover, is very likely to break the quartz tubing. To over- 
come it, one electrode is waxed in while the other fits fairly snugly in 
a constriction, thus damping any flow of mercury. This fit can be 
accomplished by grinding in the iron rod over a width of a few milli- 
meters. If the grinding is too good, flow would be stopped com- 
, pletely and the are would soon go out. It is very important that the 
Z iron rod project well into the widened part of the quartz tube. 
4 Otherwise a bubble forming in the constriction might either break the 
q circuit or else are across with high probability of breaking the arc, in 
4 any case putting it out. 
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The mercury must be well boiled out of the capillary to eliminate 
occluded gas and water, and should be clean and pure. In the best 
of cases it soon darkens the inside of the capillary which is then 
impossible to clean satisfactorily. The initial brilliancy rapidly 
diminishes during the first half hour and after 20 hours there is a 
brown discoloration (devitrified quartz or silicon) inside and a white 
coat (salts from the water) outside. This white coat can be scraped 
off moderately well. The life of such arcs may be over 100 hours, 
but on account of gradual discoloration in the capillary their efficienc 
is greatly reduced after 20 or 30 hours’ operation. When old the 
capillary can be sawn out and replaced by a fresh piece. Working 
under the conditions described it is necessary to cool the are in 
running water immediately after it strikes. 

These arcs have very high brilliancy in the visible and near ultra- 
violet (down to 3126 A) and the strong lines in this region are not 
very broad so that they are satisfactory for scattering in liquids at 
least, since the modified lines themselves appear to have a compara- 
tively large intrinsic width. Some of the strong mercury lines 
(3125, 3131, 3650, 4358) are narrowly reversed under high dispersion. 
Farther in the ultra-violet the intensity is not very great and the 
lines are often very diffuse. In particular, 2537 A is so wide and 
strongly reversed that it is useless for our purposes. Besides being 
extremely bright and easy to make, these arcs are most compact and 
can be brought very close to the tube which it is desired to illuminate. 
The most obvious disadvantage is the continuous background which 
while comparatively weak is nevertheless much brighter than that of 
the ordinary vacuum arc. 

The theoretical considerations have indicated that it would be 
desirable to work with as short a wave length as possible. The 
limitation is usually set in the case of liquids by the absorption and 
photochemical action in the liquid. For most organic substances 
this limit is above 3000 A; that is, in the region where high-pressure 
mercury arcs are especially strong. The filter used to cut out the 
farther ultra-violet was merely the thin pyrex glass of the container 
of the scattering liquid. This was very transparent down to 3300 A 
and satisfactory to 3100 A. Even 2967 A was recorded by long 
exposures and showed modified lines. In the cases of CCl, CHCl, 
CsH., CsHiu, CoHi2 (cyclohexane) the photochemical action of the 
pyrex transmitted light was negligibly slow. On the whole, the pure 
saturated hydrocarbons were little affected. Water and H,SO,, 
quartz and calcite showed no action. But in very complicated mole- 
cules, highly unsaturated or loaded with halogens, a rapid change 
takes place. Often it is impossible to get a single exposure before 
the liquid is ruined by discoloration, by coagulation, by gas formation 
or fluorescence or by formation of finely divided suspensions. In 
many instances, no doubt, impurities were the cause of the nuisance. 
One of the most flagrant cases was the formation of a yellow-brown 
mass in CS, after a few minutes exposure through glass. Even when 
exposure was made through 2 cm of heavy flint glass this liquid 
would become yellow in half an hour. 

With the unshielded arc and quartz tubes almost everything 
quickly decomposed. Only H,O and H,SQ, seemed to resist. Ethyl 
alcohol bubbled somewhat, while CH;,O0H went much faster. Higher 
alcohols were less stable and more disagreeable. Ammonia water 
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gave off NH;, and acetic acid bubbled. Nitrates turned yellow and 
became more or less opaque. Nitrites behaved better, but also 
absorbed strongly. CCl, discolored rapidly and C,H, immediately 
gave a brown film to the walls which was hard to remove. It should 
be mentioned that purer benzene formed the brown solid more slowly. 

As was already pointed out, the scattering in the visible was 
marred by reflection of suspended matter and continuous fluorescence 
of the scatterer or some impurity in it. To cut this down the purest 
available liquids were sealed in a viewing tube which had a reservoir 
attached. The liquid was evaporated at as low a temperature as 
convenient (usually 50° to 70° C.) and then poured back into the 
reservoir. After a few repetitions of this process they were con- 
siderably improved and ready for use in the light-scattering 
experiments. 

The viewing tubes were about 2 cm in diameter and cylindrical for 
a length of about 12 to 15 cm. Then they tapered down to about 
6 mm and bent over to the reservoir. The top part was blackened 
and formed a good light trap. The bottom was blown out thin and 
round. Since the whole was immersed in water there was not enough 
difference in refractive index on the two sides of the glass to give 
much lens effect so that these were as good as flat ends for liquids. 
The tube was held in the axis of a water cooler so that it could be 
lifted out and replaced without requiring realignment. A lens 
focused a point well inside the tube and on its axis, onto the slit of 
a spectrograph. This was horizontal so that a totally reflecting 
quartz prism was used near the slit to send the vertical scattered 
beam into the spectrograph. The advantage of having the scattering 
tube some distance from the slit and using a lens of about the same 
aperture ratio as that of the spectrograph was to cut down the wide 
angle reflection of stray light on fhe spectrograph slit which would 
fog the plate on long exposures. 

The cooling chamber was arranged so that several arcs could be 
inserted close by the scattering tube. Usually one or two were used 
and then with substances like CsH,, CHCl;, and CCl, good exposures 
could be obtained with the Hilger E2 quartz spectrograph in several 
minutes. The exposures which were used for measurements were, 
however, run from 15 minutes up to two hours in order to observe 
the weaker lines. The modified lines of greatest intensity could be 
photographed in a second with the E2 spectrograph when the slit 
width was 0.02 mm. Illuminating with three arcs the stronger lines 
characteristic of scattering liquids were photographed with a 21-foot 
concave grating by exposing from two to five hours. 

Most of the plates which were measured were exposed in a Hilger 
E2 quartz spectrograph giving a dispersion of 14 A/mm at 3000 A, 
36 A/mm at 4000 A, and 69 A/mm at 5000 A. The grating spectro- 
grams had a uniform scale of 10.4 A/mm when the Anderson grating 
with 7,500 lines per inch was used in the parallel light mounting 
described in other publications.* A new grating ruled by Professor 
Wood with 15,000 lines per inch was also used in the same mounting. 
It gave a scale of 5.3 A/mm in the first-order spectrum, and although 
it concentrated much of the light in this spectrum it was still some- 
what less efficient than the Anderson grating and required exposures 
of 5 to 20 hours. 





§ Meggers and Burns, B, 8, Sei, Papers (441), 18, p, 191; 1922, 
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Many preliminary exposures were made, especially with the quartz 
spectrograph, to study qualitatively the nature of the scattered light 
and to develop the best technique for systematic observations. 
Several different brands of high-speed photographic plates were 
tried, and panchromatic emulsions were also used. The plates 
which have the highest H & D speeds for white light are objection- 
able for spectrographic work on account of their coarse grain and low 
resolving power. Panchromatic emulsions are of little value in 
connection with quartz spectrographs because of the relatively small 
dispersion which quartz gives in the region of longer wave lengths 
(112 A/mm at 6000 A). Although we have measured some wave 
lengths of modified lines greater than 6500 A, the precision of meas- 
urement is not comparable with that obtained below 5000 A. We 
finally decided to use only the finer grained color-blind plates, such 
as Seed’s 23. For spectrographic work in the violet and adjacent 
ultra-violet these appear to be no slower than the so-called high- 
speed plates, and they have a decided advantage in definition. Our 
observations have, therefore, been restricted for the most part to the 
spectral interval between 3000 and 5000 A, the lower limit being set 
by the absorption in pyrex glass and the upper one by the insensi- 
tivenessjof ordinary photographic emulsions to longer waves. 

Our preliminary exposures were made without comparison spectra, 
and approximate values for the wave lengths of modified lines were 
obtained by interpolation between the published values of mercury 
lines. This is the procedure followed by most of the workers who 
have published data in this field, and it accounts in a large measure 
for the qualitative and discordant results. It is entirely inadequate 
for precision measurements because most of the unmodified mercury 
lines used as standards are enormously overexposed in spectrograms 
of scattered radiation and there are, moreover, many intervals of 
several hundred angstrom units where no suitable standards are 
available. Furthermore, attention may be called to the fact that 
in spite of the multitude of investigations to which the mercury 
spectrum has been subjected no complete and accurate description 
of the spectrum is available. Remarkable differences occur between 
the spectrum of the vacuum mercury are and the arc in air, but 
neither source can claim a satisfactory list of wave lengths nor rela- 
tive intensities of the lines. Incidental to our investigation of light 
scattering in liquids we have made a new description of the spectrum 
of the atmospheric-pressure mercury are used in these experiments. 
The wave lengths were measured on grating spectrograms made with 
the Wood grating referred to above; they are based on the international 
secondary standards in the iron are spectrum which was superposed 
on the exposure to the mercury arc. Many of the lines in this type of 
mercury are are hazy, wide, and unsymmetrical, and it is not possible 
to define the wave lengths of such lines closer than about 0.1 A. 
The remaining lines are sharper and can be specified to 0.01 A. The 
new data served to identify the mercury lines measured in our spectra 
of light scattered by liquids, and the wave numbers of the stronger 
lines were referred to in calculating the shifts of modified lines, but 
no use of the mercury lines has been made as wave-length standards. 

A comparison spectrum was placed on every spectrogram of scat- 
tered light used for wave-length determinations, a copper arc being 
employed with the prism spectrograph and an iron arc with the 
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grating spectrograph. All the lines on each of the spectrograms of 
sc attered radiation were measured and reduced to wave lengths by 
interpolation between measured standards—viz, Hasbach’s * values 
for copper arc lines and the international values ” for iron are lines. 
All spectrograms were measured in two directions. Wave-length data 
were derived from the prismatic spectrograms by means of the Hart- 
mann interpolation formula" and from grating spectrograms by 
linear interpolation, corrections indicated by adjacent standards being 
applied in either case. 

Each wave length was determined from at least five or six plates 
and the probable error of the average was computed. The probable 
error for the sharper lines is usually less than 0.05 A, but since most 
of the modified lines in scattered light are intrinsically wide and hazy, 
we have rounded off our wave length to the nearest 0.1 A. On ac- 
count of the relatively low dispersion and resolving power of the 
K2 quartz spectrograph in the interval 3000 to 5000 A, we believe 
that this is about the limit of precision obtainable with this instru- 
ment. With more powerful spectrographs it should be possible to 
define the sharper lines with greater accuracy, and we have attempted 
to do this by giving our grating measurements of modified lines to 
two decimal places. One of the sharpest and strongest lines which 
various investigators have observed in the spectrum of mercury light 
scattered by liquids is the line 4555 A emitted by benzene when 
excited by the blue line of mercury, 4358 A. The various values 
obtained for this line by different observers are as follows: 


Raman and Krishan ” ee eee ; ....2) 46559 
Wood 33_____ Fe ay ee Se tO Ae Be _..... 45688 


Pringsheim n and Rosen '*_ pry. iiss. oes Slo ou ce Se 
4554. 87 


Langer and Meggers (prism) : a _ 4555. 4 
Langer and Meggers (grating) 4555. 44 

The agreement between different observers is, in general, not so 
good for the other lines, and the frequency shifts reported for ben- 
zene (and other substances) often differ by as much as 2 per cent, not 
to mention imaginary lines or misinterpreted lines which lead to 
false frequency shifts. 

In the interval 3000 to 5000 A with an unfiltered mercury arc there 
are present about 10 or 12 mercury lines with sufficient intensity to 
give modified scattering for all but the weakest frequency shifts. 
The identification of a frequency shift is definite; connection of modi- 
fied lines with the exciting lines is unambiguous, and increased pre- 
cision may be expected by averaging the values from the different 
pairs of related lines. Occasionally a modified line will fall upon or 
close to another mercury line, but this loss is more than compensated 
for by the possibility of observing the same shift ten to twenty times 
on each spectrogram. 

In agreement with expectations from theory the frequency shifts 
from different lines are consistent not only in numerical value, but in 
general appearance and intensity of the modified lines. In our 
observations the average deviation of individual shifts from the 





* Hasbach, Zeitschr., f. wiss. Phot., 13, p. 399; 1914. 

10 Trans. 1. A. U,, il, p. 86; 1928. Kayser and Konen, “‘'n der Spectroscopie VII, p. 423; 1924. 
1! Meggers, Dictionary of Applied Physics, IV, p. 890; 1923. 

1 Raman and Krishan, Indian a Phys., 2, p. 399; 1928, 

18 Wood, Phil. Mag., 6, p. 729; 1928. 

M4 Pringsheim and Rosen, Zeitschr. f. Phys., 56, p. 741; 1928. 

% Wood, Phil. Mag., 6 p. 1282; 1923. 
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average value of a particular displacement is about 0.6 of a wave 
number unit. This is an indication that the average probable error 
in the wave length of a modified line is less than 0.1 A. An error of 
0.1 A entails an error of 1.1 wave number at 3100 A, 0.6 wave number 
at 4000 A, and 0.4 wave number at 5000 A. 

Systematic errors are not easy to avoid in spectrographic work in- 
volving relatively long exposures, wave-length measurements from 
curved images characteristic of prism spectrographs, and a compari- 
son of data obtained from different instruments. It is, perhaps, 
conceivable that the measurements on ‘‘Stokes” and ‘anti-Stokes’”’ 
lines would reveal systematic errors if any are present, since the dis- 
placements in both directions are expected to be equal. When this 
test is applied to our measurements on carbon tetrachloride, it yields 
for the shift 459.3 a value of 458.6 for “Stokes” lines and — 460.1 for 
“‘anti-Stokes,”’ while for the 313.9 shift it shows 313.8 for “Stokes” 
and —314.0 for ‘“‘anti-Stokes.”’ Similarly the measurements on 
chloroform averaging 365.8 show an average of 365.5 for “‘Stokes”’ 
and — 366.0 for “‘anti-Stokes” lines. There appears thus to be a 
slight tendency for the negative shifts to exceed the positive; this can 
be explained as a systematic error of about —0.1 A in the modified 
lines. This is the type of error which may be expected in measure- 
ments of prismatic spectrograms if the comparison spectrum is placed 
in the center and no correction is made for the curvature of the slit 
images. It must be remembered, too, that the “anti-Stokes”’ lines 
are always fainter than the ‘‘Stokes”’ lines and the difference in shifts 
may indicate an intensity equation. Fortunately the discrepancy 
appears to be no larger than the average probable error. 

Attention is called to the remarkable differences between various 
liquids as regards the production of ‘‘Stokes”’ and “anti-Stokes”’ 
lines. Although bright “Stokes” lines of about the same intensity 
are found in spectra of light scattered by benzene, toluene, chloro- 
form, and carbon tetrachloride, “anti-Stokes” lines were almost 
entirely absent in the first two but very prominent in the last two. 
The intensity ratio S/aS (‘‘Stokes’’/“‘anti-Stokes’’) increases rapidly 
with increasing displacement from the exciting line; comparison of our 
intensity estimates in the case of carbon tetrachloride show surprisin 
agreement with the quantitative measurements of Ornstein an 
Rekveld.'® In our experiments the temperature of the liquid was 
about 45° C. or 318° K. Under these conditions the ratios of esti- 
mated intensities for lines excited by 4358 A and corresponding to the 
first three shifts (vy, =219, ».=314, »;=459) characteristic of carbon 
tetrachloride are as follows: 


I,/Ios=2.5 for »,;; 4.0 for v2; and 8.0 for v5 


With carbon tetrachloride at 323.5° K., Ornstein and Rekveld deter- 
mined these ratios to be 2.5, 3.9, and 8.1, respectively, while the 
theoretical values are 2.55, 3.95, and 7.4. The close agreement may 
be accidental, since we can lay no claim to quantitative results based 
on arbitrary estimations of relative intensities, but it is reassuring to 
observe that our estimates are fairly consistent; the average value of 
the intensity ratios for six or seven different exciting lines being 2.5, 
3.8, and 7.5. 


16 Ornstein and Rekveld, Phys. Rev., 34, p. 720; 1929. 
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According to our intensity estimates for modified lines from chloro- 
form the corresponding intensity ratios J,/I., are 2.5, 5.0, and 10.0 
for the three shifts 261, 366, and 668, respectively. 


IV. RESULTS 


Details of the numerical data are collected in this section beginning 
with Table 1, which is a description of the spectrum of the mercury 
arc operated at atmospheric pressure. Wave lengths are given in the 
first column, estimated relative intensities in the second, and vacuum 
wave numbers in the third. The letters accompanying intensities 
have the following significance: h=hazy, H=very hazy and wide, 
d=double, R=reversed, v=shaded to violet, |1=shaded to red. 
Practically all of these lines appeared on each of the prismatic spectro- 
grams, but by comparing the complete lists of wave lengths with 
each other and with Table 1 it was possible to identify all the unmodi- 
fied mercury lines and separate them from the modified wave lengths. 
Besides serving for the identification and elimination of mercury lines 
the data of Table 1 are referred to for the determination of wave 
number displacements characterizing the modified lines. Two mer- 
cury lines at 3125 and 3131 A, forming a pair of roughly the same 
intensity, are especially useful in the identification of displacements, 
since they give corresponding to each shift a pair of modified lines 
which are recognizable at a glance. Owing to the increase in inten- 
sity of modified lines with increasing frequency of the exciting line 
these ultra-violet lines (3125 and 3131 A), although less than one- 
tenth as strong as the blue line, 4358 A, nevertheless give modified 
lines of intensity comparable with those from the latter. The only 
objection which can be raised against this ultra-violet pair is that the 
longer wave length line is double. The two components are separated 
by 0.3 A and appear to be about the same intensity. Since this close 
pair is not resolved in ordinary prism spectrographs we have ‘used 
the unweighted mean of the two lines as the effective value for the 
exciting line. The two lines, 3125 and 3131 A, then appear to be 
separated by 62.0 wave number units, while the mean separation of 
35 pairs of modified lines arising from this pair is 61.8 wave number 
units. This small difference could be compensated for by giving the 
shorter wave component of 3131 A slightly larger weight so that the 
effective wave length of the line would be diminished by 0.02 A. 

Tables 2, 3, 4, and 5 present the observed data on modified lines 
scattered by benzene, toluene, chloroform, and carbon tetrachloride, 
respectively.’ The measured wave lengths appear in the first 
column of each, the estimated relative intensities in the second, the 
corresponding vacuum wave number in the third, the vacuum wave 
numbers of the parent, exciting mercury lines in the fourth, and 
the shifts in the last. A minus sign before the shift number indicates 
an ‘‘anti-Stokes”’ line shifted to violet; all of the remaining shifts 
are toward longer wave lengths. Wave lengths expressed to two 
decimal places are derived from grating spectrograms; the remainder 
are based on measurements of smaller scale prism spectrograms. 
On account of the relatively large intrinsic width and generally diffuse 
or unsymmetrical character of most of the modified lines it is doubtful 





We are pleased to acknowledge the assistance of Bourdon Scribner with wave-length calculations, and 
of John A. Wheeler, who measured and reduced several spectrograms of toluene. 
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if a second decimal place has much significance but it is retained here 
to distinguish grating from prism observations. 


TABLE 1.—Spectrum of the mercury arc at atmospheric pressure 





Intensity ae Intensity 


33, 692. 0 || 3, 579. 2H 27, 932 3, 906. 100 Hl 25, 589 

33, 246.4 || 3, 597. 45 2h 27, 789. 3, 983. 97 40 25, 093. 5 
33, 200.5 || 3,615. 2 3H 27, 653 , 024, 14 2 24, 843.0 
33, 085.8 5| 5,000R 277 388. 3.63 | 4,000 24, 705.0 
33, 063.7 | 1, 000 27, 353. , 077. 400 24, 515.5 





33, 020.3 || 3, 662. 92 100 27, 292. ' 100 Hl 24, 333 

) 5 500 27, 290. 4, x 1H 24, 145 
: 5 | 40 h 27, 162.7 || 4,314. 10 Hv 23, 174 
600 R 31, 985. 3,751.7 60h 26, 646. 4, 339. 300 h 23, 037. 9 
800 Rd 31, 923.0 || 3,755. 19 7h 26, 622.3 || 4,347. 66 600 h 22, 994. 4 





4 31, 793. 4 || 3,770. Rd 26,511 =|} 4, 358. ¢ 10, 000 r 22, 937.9 
200 29, 917.5 || 3,790. 26, 378 | 4, 1. 3 800 h 20, 334. 4 
10 29, 828.8 || 3, 801. ! 5 26,293 || 4, 960. 26 600 h 20, 154. 6 
3, 366. 7 2H 29, 68 3, 807. § : 26,254 || 5,025.8 5h 19, 891. 6 
3, 390. 66 30 h 29, 484. 3, 820. ¢ 26, 169 5.2 5H 19, 811 








3, 430. 4H 29, 141 || 3, 829. 26, 103 
3, 433. 65 1 29, 115. 2 || 3, 842. 26, 018 
3, 543. 60 H 28, 213. 4 || 3, 860. H 25, 894 
3, 561. 20h 28, 072.6 || 3, 894. ¢ 25, 671 
3, 561. § 4h 28, 067.4 || 3, 902. 3H 25, 618 

















TaBLE 2.—Modified Hg lines scattered by benzene (CcHs) 


nten- ¥vac re 
= mn monies exciting Shift 
Buy | line | line 


| 

ae Vy ac . 
| moditied exciting Shift 
line 


| Inten- 
| sity 


29, 917. £ 
29, 917. £ 
27, 388, 
27, 353. 
27, 290. 


27, 388. 


32, 699.1 | 33, 692.0 992.9 || 3, 706. ! ; 26, 972. 

‘ 26, 858. 
26, 784. 
26, 747. 
26, 686. 


i) 


33, 085. 991.3 | 766. | 26, 543. 
31, 985. 605. 3, 787. 3 | 26, 397. 
31, 923. 606. 6 3, 792. 2 i | 26, 362. 

: .9 | 31,985. 848. = 26, 299. 
31, 074. 31, 923. 849. . é | 26, 211. 





to ocowrneo noob 


30, 992. 31, 985. 992. ¢ 3, 828. | 26, 113. 
30, 930. 31, 923. 992. ¢ 74, ; 25, 803. 
30, 809. 31, 985. 1,175.3 || 3,879. | 25, 768. 
30, 747. 31, 923. 1,175.9 || 3,889. | 25, 703. 
3, 263. 7 | 30,631. 33, 692.0 | 3,060.7 | 8. 24, 939. 


SAH 


oo 


3, 288. ‘ | 30, 401. 31, 985.0 | 1, 583.8 | 
3, 290. 6 30, 380. 31, 985. 1, 604. 

3, 295. ¢ 3 30, 337. £ 31, 923. 1, 585. £ 
3, 297. & 2 30, 317.3 | 31,923.0| 1,605. 

3, 329. 30, 026. 8 33, 085. 3, 059. 


2, 946. 0 
3, 060. 8 


3, 376. ! 29, 608. 

3, 403. 6 29, 372. 3 
3, 410. : 29, 310. 29, 917. 
3, 439. 3 29, 067. 29, 917. 
3, 442. | 29, 037. 31, 985. 


Com NKENOS 





“7 
‘. 


50. 
2, 948. 


om w 


28, 975. 31, 923. 
28, 939. 5 31, 985. 
28, 925. 31, 985. 
28, 877. 31, 923. 
28, 861.8 | 31,923. 


2, 947. 
3, 045. 
3, 059. 
3, 045. 
3, 061. 


3, 185. 
3, 184. 
—993. 


noe Qo 


21, 750. 1 


28, 799. 31, 985. 
28, 739. 31, 923 
28, 384. { 27, 388. 21, 353. 3 
28, 344. 27, 353. , ‘ 21, 334. 2 
27, 319. 3 § : | 19,990. 4 


21, 643. 8 
21, 456. 9 


ro 


NePOoo cooco ooo 
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TABLE 3.— Modified Hg lines scattered by toluene (Cs>H;CH3) 








Vvac Vvac | ’ Vyac Vvac | 
— modified | exciting re | modified | exciting 
said line line “ | line | line 





—_ 
33, 692. 0 4 739. | 26, 731. 1 | 7, 353. 
ke 3, 758. 3 26, 601.0 | 27, 388. 
32, 5 52. 26, 568. 27, 353. 





31, 877. 5 | 33, 085. 8 : ; 26, 350. , 353. 
31, 768.1 | 31, 985.0 b s | 26, 322. 27, 353. 1, 030. 8 


is 





31, 705. 7 | 31, 923.0 ‘ 3, 803. 26, 287. 27, 290.4 | 1,002.8 
31, 465. 2 | 31, 985. 0 9. > 26, 145.3 | 27, 353. 1, 208. 
31, 402.9 | 31, 923.0 . 3, 833. 26, 081.2 | 27, 290. 1, 209. 
31, 362. 5 | 31, 985. 0 . 3, 843. 26, 010.6 | 27, 388.4 | 1,377.5 
31, 300.7 | 31, 923. 0 ‘ ‘ . 2 | 25, 974. , 303. 1, 378. 


NwNwwww Nore 
— 
a 


od 
recor 


31, 199.1 | 31, 985.0 85. 37. 25, 785.8 | 27, 388.4 | 1,602. 
31, 137.9 | 31, 923.0 85. 3, 882. 25, 748.7 | 27,353.7 | 1,605. 
30, 981.5 | 31, 985.0 3. 6 24,920.7 | 24, 705.0 | —215. 
30, 953.7 | 31, 985.0 L 35. 8 24, 468.1 | 27 
30, 920. 2 | 31, 923.0 6 24, 433. ¢ 


—_ 
NeoOaD 
ro 


30, 893. 5 | 31, 923. 0 
30, 776. 5 | 31, 985.0 
30, 715.0 | 31, 923.0 
30, 605. 0 | 31, 985. 0 
30, 544, 2 | 31, 923.0 


30, 491. 
| 30, 379. 
30, 318. 
30, 167. 
29, 396. 


24, 296. ¢ 
24, 236. 
24, 183. 
24, O82. 6 
23, 995. 





Nnwonanw 
SN rho 
| le Le Snr) 


23, 919. | 
23, 701.7 | 24, 705.0 | 1,008. : 
23, 672.6 | 24, 705.0 | 1,032. 
23, 510.6 | 24, 515.5 | 1,004. 
23, 493. £ 705.0 | 1,211. 


ag 
ns 


31, 985. 0 
31, 923.0 
33, O85. 8 
29, 917. 5 


Ch) 





— i eet 
Ppp 
3 

rmthn ¥) 

enc 


29, 349. 
29, 294. 
29, 064. 
29, 002. 


28, 932. 


23, 325.2 | 24, 705.0 | 1,379. 
29, 917.5 22, 777.9 | 22,994.4 | 216. 
31, 985. 0 22, 719. 4 | 22,9387.9 | 218.! 
31, 923. 0 20. 4, 460. 22, 415.3 | 22, 937. ¢ 522. 
31, 985.0] ¢ 3. 4, 480. ‘ | 22,314. 7 | 22, 937. 623. 





ie 
om te be > > ee 
nore 
Ses) 


nor 

a 

Ss 
np 


rose 


ee 
be 


28, 914. 
23, 886. 
28, 868. 
28, 707. 


28, 536. 


29, 917. 5 5 4, 501. : 22, 209.6 | 22, 4) 784. 
29, 917. 5 , 4, 513. 22, 152.0 | 22, 937. ¢ 7865. § 
31, 923.0 4 4, 557.7 .8 | 22, 937.9 | 1,008. 
29, 917. 5 : 4, 563. 8 21, 905. 22, 937. 1, 082. ! 


29, 917. 5 


roe 


, ’ 994.4 | 1,212. 
28, 392.1 | 27, 388.4 4, 589. 24. 705.0 | 2, 922. 
28, 312.5 | 29,917.5 | 1/605. 4, 601. 5 | 21,726.4 | 22, 937.9 | 1/211. 
27, 818.6 4, 617. 20h d| 21° 653. "708.0 | 3, 052. 


21, 782. 


et et pt ror 
ork AMOF C$UDRRO #WHONOF 


~] 


27, 605. 8 4, 637. 1h 1, 55¢ 22, 937.9 | 1,378.7 
26, 866.9 | 27, 388. 4, 658. 6 2h o9. 24, 515.5 | 3, 055, 
26, 831.6 | 27, 353. 4, 686 6hd} 21, 33 22, 937. 1, 604 
7 C 2 On OnF ao oto 8 
26, 769. 0 (a 4,994. 1 3 937. 2, 919. 
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TABLE 4.— Modified Hg lines scattered by chloroform (CHCl) 














r Yvac MOGI-|ry ac excit- Shift Inten- |¥vacMOdi-|yyac excit- 
fied line | ing line sity fied line | ing line 

3, 088. 5 2 32, 901. 4 1 5 27, 091.9 | 27, 353.7 8 
3, 055. 1 1 32, 722.7 | 33, 085.8 363. 1(?) 2 20 27, 025. 2 | 27, 388. 4 co 
3, 061. 5 1 32, 654.3 | 31,985.0 | —669.3 1 6 26, 989. 5 | 27, 353.7 * | 
3, 067. 3 1 32, 592.5 | 31,923.0 | —669.5 8 8 26, 926.2 | 27, 200.4 va 
3, 083. 8 3 32, 418. 1 , 085. 8 667.7 7 2 26, 898.0 | 29,917.5 5 
3, 085. 8 1 32, 397. 1 2 25 26, 721.8 | 27, 388. 4 6 
3, 090. 1 2 32, 352.0 | 31,985.0 | —367.0 q 7 26, 686.9 | 27, 353.7 .8 
3,096.0) 3 32, 290. 4 | 31, 923.0 | —367.4 .9 2h | 26,075.7 | 27, 290.4 | 
3, 100. 2 4 32, 246.7 | 31,985.0 | —261.7 ® 1 25, 375. 5 | 24, 705. 0 . 5 
3, 106. 2 5 32, 184.4 | 31,923.0 | —261.4 1 25, 070.0 | 24, 705.0 0 
3, 151.3 7 31, 723.8 | 31, 985.0 261. 2 5 8 24, 964.9 | 24, 705.0 .9 
3, 157.4 | 10 31, 662.5 | 31,923.0 260. 5 .8 1 24, 882.2 | 24, 515.5 7 
3, 161.7 8 31, 619. 4 | 31, 985.0 365. 6 .0 20 24, 443.3 | 24, 705.0 * 
3, 167.9 | 10 31, 557. 5 | 31, 923.0 365. 5 a 25 24, 370.9 7, 388. 4 5 
3, 192.2 | 10 31, 317.3 | 31, 985.0 667.7 6 6 24, 273.2 | 27, 290.4 2 
3, 198. 5 31, 255.7 | 31, 923.0 667.3 .5 4 24, 256.2 | 24, 515.5 
3, 201. 7 31, 224.4 | 31, 985.0 760. 6 5 5 24, 148.4 | 24, 515.5 
3, 208. 0 31, 163.1 | 31, 923.0 759.9 .3 20 24, 035.8 | 24, 705.0 
3, 248. 9 30, 770.8 | 31,985.0 | 1,214.2 .0 15h 23, 945.0 | 24, 705.0 
3, 255. 5 30, 708. 4 | 31,923.0 | 1,214.6 By | 4 23, 848.0 | 24, 515.5 
3, 259. 3 30, 672. 6 | 33,692.0 | 3,019.4 § | 1h | 23,757.0 | 24, 515.5 
3, 268. 3 30, 588.2 | 29,917.5 | —670.7 235. 2 3 23, 605. 0 | 22, 937.9 
3, 278. 4 30, 493. 9 256. 1 4h 23, 489. 1 | 24, 705.0 
3, 301. 2 30, 283. 3 | 29,917.5 | —365.8 290. 2 5 23, 302. 4 | 22, 937.9 
3, 312. 7 30, 178.2 | 29,917.5 | —260.7 299. 1 1 23, 254. 2 
3, 325. 1 30, 065.7 | 33,085.8 | 3,020.1 4, 309. 6 8 23, 197.5 | 22, 937.9 
3, 371.0 29, 656.3 | 29,917. 5 261. 2 4, 389.0 3h 22, 778.1 | 23, 037.9 
3, 376. 2 29, 610. 6 4, 397.8 lh 22, 732.2 | 22, 994. 4 
3, 383. 0 29, 551.1 | 29,917.5 366. 4 4, 408. 8 20 22, 675.6 | 22, 937.9 
3, 417.9 29, 249.4 | 29,917.5 668. 1 4, 418.0 1 22, 628.3 | 22, 994. 4 
3, 451. 3 28, 965.9 | 31,985.0 | 3,019.1 4, 429. 2 25 22, 571.1 | 22, 937.9 
3, 458. 8 , 903. 5 | 31,923.0 | 3,019.5 4, 468.9 1(?) | 22,370.6 | 23, 087.9 
3, 483. 0 28, 702.7 | 29,917.5 | 1,214.8 4, 478.3 2 22, 323.6 | 22,994. 4 
3, 496. 6 28, 591. 1 4, 489. 4 30 22, 268. 5 | 22, 937.9 
3, 567. 4 28, 023. 6 | 27, 353.7 | —669. 9 4, 508. 1 20h 22, 176.1 | 22, 937.9 
3,575. 5 27, 960. 2 | 27,290.4 | —669.8 4, 602. 4 3 21, 721.7 | 22,937.9 
3, 601. 8 27, 756.0 | 27, 388. 4 | —367.6 4,610.0 15 21, 685.9 | 24, 705.0 
3, 606. 6 27, 719.1 | 27,353.7 | —365. 4 4, 650. 3 2 21, 498.0 | 24, 515.5 
3, 620. 1 27, 615.7 | 27,353.7 | —262.0 5, 006. 1 1 19, 970. 0 , 334. 5 
3, 628. 5 27, 551.8 | 27, 290.4 | —261.4 5, 019. 1 7 19, 918.4 | 22, 937.9 
3, 685. 2 27, 127.9 ecentel 260. 5 
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Meggers 


TABLE 5.— Modified Hg lines scattered by carbon tetrachloride (CCl) 





























l | || l l 
Inten- |yvac MOdi-\yy ac excit- : | | Inten- veac modi- Peac CXCit- | : 
A sity | fied line | ing line Shift H A | sity | fied line | ing line | Shift 
3,064.2} 1h | 32,625.5 | 33,0858] 459.7 || 3,684.2 | 5h | 27,135.2 | 27,353.7| 218.5 
081.3 | 1h | 32,444.4 | 31,985.0] —459.4 |] 3,692.36) 30h ” 075.3 | 27, 388.4] 313.1 
3087.1} 1h | 32,383.5 | 31,923.0 | —460.5 3,697.20 | 10h | 27,039.8 | 27,353.71] 313.9 
3,095.0} 2h | 32,300.8 | 31,985.0| —315.8 || 3,705.84) Sh | 26,9768 | 27,2004] 313.6 
3101.0 | 2h | 32,238.3 | 31,923.0] —315.3 || 3,712.28] 40h | 26,930.0 | 27,388.4| 458.4 
7104.3 | 2h | 32, 204.1 | 31,985.0 | —219.1 | | 
3,717.28 | 15h | 26,804.3 | 27,353.71] 459.4 
3,110.2} 2h | 32,143.0 | 31, 923.0 | —220.0 3,725.94 | 15h | 26,831.3 | ¢ 14] 459.1 
3136.0] 5 31, 878. 5 3,758.6 | 6h | 26,598.1 | 27,3884] 790.3 
3147.1 | 5h | 31,7661 | 31,985.0!} 218.9 3,972.7 | 4h | 25, 164.7 | 24, 705.0 | —459.7 
3,153.2 | 6h | 31,7047 | 31,923.0| 218.3 3,995.8 | 5h | 25,019.2 | 24,705.0 | —314.2 
3,156.6 | 6h | 31,670.5 | 31,985.0| 314.5 
| 4,011.0 | 7h | 24, 924. 4 24, 705.0 | —219. 4 
3,162.7} 7h | 31,609.4 | 31,923.0| 313.6 4,082.7 | 10h | 24,486.7 | 24,705.0] 218.3 
3171.0] 8h | 31,5267 | 31,985.0) 458.3 || 4,098.79 | 5h | 24, 390.6 | 24,705.0| 314.4 
177.2] 10h | 31,465.2 | 31,923.0| 457.8 || 4,114.3 | 24, 290.2 | 24.515.5| 216.3(?) 
3201.4 | 3h | 31,227.3 | 31,985.0} 757.7 4, 123. 04 | 5 h | 24,247.1 | 24,705.0| 457.9 
3,204.6] 3h | 31, 196.2 | 31,985.0, 788.8 | | 
| 4, 130.7 3 | 24,202.2 | 24,515.5] 313.3 
3,207.7] 4h | 31,166.0 | 31,923.0| 757.0 4,155.5 | 5h | 24,057.7 | 24,515.5| 457.8 
3,211.0] 4h | 31,1340 | 31,923.0| 789.0 || 4,174.8 6h | 23,946.5 | 24,705.0] 758.5 
3291.1| 2 | 30,376.3 | 29,917.5 | —458.8 4) 180. 4 Sh | 23,914.4 | 24,705.0} 790.6 
3, 306. 8 2 | 30, 232.0 ! 20,917.5 | —814.5 4,273.1 | 5h ! 23,395.7 | 22,937.9 | —457.8 
3,317.3 { 3 | 30,136.4 | 29,917.5 | —218.9 | 
| | 4, 299. 6 5h_ | 23,251.5 | 22,987.9 | —313.8 
3,366.3 | 10h | 29,697.7 | 20,917.5 | 219.8 4,317.3 4h | 23, 156.1 | 22, 937.9 | —218.2 
3377.0 | 10h | 29,603.6 | 29,917.5 | 313.9 4. 389. 0 3H | 22,777.8 | 22,994.4| 216.6(2) 
"393.6 | 15 | 20,458.8 | 29,917.5 | 458.7 4,400.2 | 10h | 22,719.9 | 22,937.9| 218.0 
3,589.7 | 7h | 27,849.6 | 27,3884 | —461.2 4,418.90 | 20h | 22,623.7 | 22,937.9| 314.2 
3,594.1] 2 | 27,815.5 | 27,353.7 | —461.8 | | 
4,436.0 | lh | 22,536.5 | 22,994.4 457.9 
3,602.3} 2 | 27, 752.2 | 27, 290.4 | —461.8 4,447.3 | 40h | 22,479.3 | 22,937.9| 458.6 
3,609.0} 10h | 27, 700.6 | 27,3884 | —312.2 4, 507.6 5h | 22,178.6 | 22,937.9| 759.3 
3,613.5 | 2h | 27, 666.1 | 27, 353.7 | —312.4 4,513.8 | 6h | 22,1481 | 22,937.9| 789.8 
3,621.1 | 15h | 27,608.1 | 27,388.4 | —219.7 4,671.8 | 1h | 21,399.1 | 22, 937.9 | 1, 538.8 
3,625.7 | 2 | 27,573.0 | 27,353.7 | —219.3 | | | | 
' } | 








Wave number and intensity data for modified lines of the four 
liquids are rearranged in Tables 6, 7, 8, and 9 where the lines are 
classified in columns headed by the shift numbers so that connections 
with the exciting lines and certain relations between intensities become 
more obvious. It is seen that intensities of modified lines are roughly 
parallel with those of the exciting lines and the opposing tendency of 
“Stokes” and ‘‘anti-Stokes”’ lines is clearly brought out. Gaps in 
these tables are accounted for either by the masking action of other 
mercury lines, or by expected low intensity of the modified lines, or 
because the missing lines fall outside the range of observations. 
Portions of the spectrograms of mercury light scattered by the liquids 
dealt with in this paper are reproduced in Figures 2, 3, 4, 5, and 6. 
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V. DISCUSSION 


It is now generally recognized that the interpretation of modified 
lines in scattered light is not so simple as was first supposed. Many 
observers have already called attention to the fact that although some 
of the shifts of modified lines could be identified with lines in the 
infra-red absorption spectrum, the latter were not always represented 
(directly) in the spectrum of scattered light and the intensities did 
not agree. As an example, we may refer to benzene and toluene for 
which the most intense and sharpest modified lines are shifted 992 
and 1,003 cm-', respectively. Converting these shifts to infra- red 
wave lengths and comparing with the observed absorption spectra in 
the infra-red shows that the benzene shift corresponds (perhaps acci- 
dentally) with a very broad complex band, but the toluene shift has 
no corresponding band in its absorption spectrum. That a direct 
correlation between scattering shifts and absorption lines need not be 
expected on theoretical grounds was first pointed out by Langer ' 
and this reasoning has been further developed in the first part of the 
present paper. Perhaps the chief handicap for a complete interpre- 
tation of the phenomena of modified scattering at present is our 
meager knowledge of the absorption spectra characterizing complex 
molecules, and until more extensive and precise data on the molecular 
energy levels are available it is doubtful if the exact connection of 
such constants as are obtainable from experiments on scattered light 
with molecular structure can be established. 

In conclusion we shall summarize what is known concerning the 
shifts of modified lines and the available data on infra-red absorption 
bands; the material is collected in Table 10. The infra-red absorp- 
tion data are quoted from Coblentz,’® and the letters accompanying 
his wave lengths indicate the relative prominence of the various bands: 
S=strongest, s=strong,m=medium, f=faint. The relative intensi- 
ties of the computed wave lengths (1/v) are indicated by numbers 
(in parentheses) which represent the estimated intensities of the strong- 
est ‘‘Stokes”’ lines observed. 

Table 10 shows at a glance that the original theory of a direct cor- 
respondence between absorption spectra and shifts in scattered light 
is completely discredited. In fact, for the four liquids here discussed 
no exact coincidences occur and the approximate ones may be con- 
sidered to be accidental, since, in general, the number of observed 
absorption lines in the interval studied reatly exceeds the number of! 
frequency shifts in the same interval. Other liquids have been 
studied in which there is absolutely no correspondence, not even 
“approximate.” 

The fine structure of infra-red absorption in certain inorganic 
compounds has been studied by Barnes * with an echellete of high 
resolving power so that wave lengths are obtainable with errors of 
measurement not exceeding +0.003 ». Measurements of this type 
permit a more critical _ comparison of absorption date with wave 


18 Langer, Nature, 123, p. 345; 1929 
1° Coblentz, Investigations of Infra-red Spectra, Carnegie Lastitution of Washington Publication No. 35, 


1905. 
%” Barnes, Nature, 124, p. 300; 1929. 
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lengths calculated from frequency shifts for scattered light. Thus, 
Barnes observes in benzene three bands of equal intensity at 3.231 4, 
3.253 w, and 3.291 uw. In scattered light we observe 3.265 (20), 3.281 (2), 
3.390 (2), the first two of which are near the last two given by Barnes, 
but still the differences are two or three times greater than the prob- 
able errors. Furthermore, a serious discrepancy in relative intensities 
exists, and no scattered light is observed corresponding to 3.231 u 
and no absorption line for 3.390 u. 

In toluene Barnes has observed bands at 3.238 yp, 3.261 yw, 3.278 yu, 
3.298 uw, 3.343 uw, 3.428 yu, 3.478 yw, and 3.481 yu, 3.298 being the strongest. 
Scattering experiments give, in this region, 3.272 (10) and 3.421 (4): 
one is forced to the conclusion that there is no direct correspondence. 

Additional data on the absorption spectrum of carbon tetrachloride 
have been published by Marvin ” and by Coblentz and Stair ” and 
attempts have been made to reconcile the observations with scattered 
light frequencies by assuming that part of them are fundamental 
bands and the remainder combination bands. A comparison of this 
type is shown in Table 11. 


TaBLeE 11.—Calculated and observed absorption bands in CCk 





Combina- ™ (Coblentz 
tion | (1/+) aie (Marvin) | ond Stair) 


218. 8 
313.9 
459. 3 
678. 1 


758. 1 
789. 2 
976.9 
, 008. 0 


, 087. 1 | 
, 103. 1 

,217.4 | 
248.5 | 





1,516.2 | 
1, 539.0 | 
1, 547.3 | 
2, 328.0 | 


| 

















Here the average difference between calculated and observed wave 
lengths also exceeds the probable error of the observations, and 
no reason is given why other combinations such as C+C, E+E, 
A+A+C, A+B+C, etc., should not be observed in absorption. In 
fact, the combination possiblities are large enough to cast suspicion on 
this method of bringing about agreement. 





% Marvin, Phys. Rev., 34, p. 161; 1912; 33, p. 952; 1929. 
% Coblentz and Stair, Phys. Rev., 33, p. 1092; 1929. 
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At this point attention is called to the fact that the energy diagram 
for CCl, previously published by one of us* made use of data less 
accurate than those in the present paper. This means that various 
levels in the diagram must be shifted slightly. The agreement with 
infrared absorption data, however, is not materially affected by 
these changes. 

It seems futile to attempt at present a complete interpretation of 
the modified lines scattered by liquids, or to draw any final conclusions 
as to molecular structure from them. The systematic accumulation of 
reliable data for scattering substances belonging to distinct chemical 
families, and especially the investigation of the simpler molecular 
structures may be expected to give clues to the correct explanation of 
light scattering in transparent media. 


WASHINGTON, October 1, 1929. 





% Langer, Nature 123, p. 345; 1929. 
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